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The context of this thesis is a microfluidic thermal management solution for a 
transceiver photonics integrated circuit (PIC), a device that forms the backbone of optical 
telecommunication networks. The PIC features laser bar arrays which, due to their small 
footprint, generate heat fluxes of order ~103 W/cm2. Moreover, the lasers must be maintained 
to within ± 0.1 K of their operating temperature to minimise wavelength changes. To meet 
increased bandwidth demands, higher laser densities are necessary within transceiver PICs. 
However, today’s air-cooling technology is limiting development. Macro-thermoelectric 
coolers and resistive heaters, used to control laser temperature, add to the inefficiency of 
contemporary technology. In addition, an uneven spreading of heat exists within a laser array 
due to thermal cross talk. A combination of microthermoelectrics and integrated microfluidics 
has been proposed, within the EU-funded TIPS consortium, to thermally control laser arrays, 
enabling higher laser densities and, therefore, higher data throughput within transceiver PIC 
packages. The overall objective of this thesis is to thermally and hydraulically characterise a 
rectangular microchannel heat exchanger in order to assess its feasibility as a thermal control 
solution for next generation transceiver PICs. 
To examine the thermal conditions within a transceiver PIC in order to obtain a 
thermal baseline for microfluidic testing, an active III/V laser device was thermally 
characterised across a range of power dissipations (0 – 375 mW). Silicon microfluidic test 
chips, with integrated microchannel and heater structures, were thermally and hydraulically 
characterised to demonstrate the effectiveness of microfluidics as a thermal management 
solution. The rectangular microchannel heat exchanger, 500 µm x 250 µm in section, was 
characterised across flow rates ranging from 2 – 20 ml/min (Re = 93 – 931) and under a range 
of heating conditions. The effect of flow rate on the heater surface temperature was recorded 
using IR thermography, with flow parameters measured using a flow meter, manometry and 
thermal sensors. The cooling effect of the fluid on the complete array of heater structures 
while powered simultaneously was examined. To improve the resolution of the IR 
thermography, heater power dissipation was increased, and single heaters were thermally 
characterised at higher heat fluxes. 
This research found that with an increase in fluid flow rate from 2 – 20 ml/min, heater 
surface temperature decreased for all heaters and heating conditions, and the change in heater 
surface temperature due to a variation in flow rate was determined to be largely independent 
of heater streamwise position and power dissipation. Above a flow rate of 12 ml/min, 
enhanced convective cooling effects were found to diminish while pumping power 
requirements continued to increase, indicating towards an optimal flow rate for thermal 
control and minimised operating costs. Above a flow rate of 12 ml/min, heater surface 
temperatures were found to be within ± 3.5°C for all heaters within the array. Thermal cross 
talk between neighbouring heater structures was found to decrease with increasing flow rate 
due to the decrease in thermal resistance to one-dimensional heat transfer into the cooling 
fluid. 
Experimental thermal and hydraulic characterisation of a rectangular microchannel 
heat exchanger determined the suitability of the technology for use as a thermal management 
solution in next generation transceiver PICs. Thermal measurements showed that at flow 
rates > 12 ml/min, a reasonable degree of thermal control of the heater array was achieved 
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Throughout history, the way in which humans communicate has progressed with 
advances in technology – modern day communication is no different. As more people 
turn to the internet for professional, social and personal use, new means of communication 
are being unveiled at a rapid pace [1], with bandwidth demands increasing exponentially 
year on year. Predictions such as Nielsen’s Law of Internet Bandwidth, Butters’ Law of 
Photonics [2] and Cisco’s Complete Visual Networking Index forecast [3], [4], [5] expect 
this trend to continue (Figure 1-1). International bandwidth availability is expected to 
reach 4.8 ZB per year and fixed global broadband speeds will nearly double by 2022 [5]. 
However, advances in the internet infrastructure trail behind consumer demand [6]; the 
focus of this thesis is the hardware that forms the backbone of this infrastructure – 
specifically, optical communications systems. 
 
Figure 1-1: World-wide internet historical usage and predicted demand in terabytes/second from 
1992, 1997, 2002, 2007 [3], 2016 – 2022 [4], [5]. 
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This thesis evaluates a thermal management solution to facilitate an advancement of the 
optical communications infrastructure, in order to meet ever-growing bandwidth 
demands. The thermal solution will be advanced through the thermal-hydraulic 
characterisation of a microchannel heat exchanger with low fluid flow rates and 
representative heating conditions. This chapter will outline the need for an experimental 
investigation, define contemporary transceiver Photonics Integrated Circuit (PIC) 
technology, and review the current literature available on microchannel heat exchangers. 
The objectives of the thesis will be stated, and the outline of the thesis will be detailed. 
1.1. Photonic Integrated Circuits 
PIC devices are key components in long distance data transmission that integrate multiple 
optical and electronic devices in one package [7]. This thesis addresses the use of PICs 
as integrated transceivers (transceiver PIC), shown in Figure 1-2, combining optical 
transmitters and receivers in a single PIC package, with a specific focus on the laser arrays 
used to achieve fibre-optic signal transmission. 
 
Figure 1-2: Current technology infrastructure showing the different levels of packaging within a 
circuit pack located in a data centre [7]; Level 1 – transceiver PIC. Level 2 – Kovar package. 
Level 3 CFP package. Level 4 – Data rack. 
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Efficiency improvements associated with increased integration have elevated the 
potential for transceiver PICs to meet future bandwidth demands. However, current 
transceiver PIC architecture has reached its thermal limit [6]. Transceiver PICs are 
typically located at the source of signal transmission and, as shown in Figure 1-2, 
comprise part of a four-level packaging structure within a data centre rack. 
Level 1 - Transceiver PIC: A key feature of a transceiver PIC is the active photonics – 
III/V laser bars – that encode data in light signals which are transmitted via optical fibres 
to receivers. Laser structures have three layers, an active region sandwiched between n- 
and p-type cladding layers, as shown in Figure 1-3 (a) [8]. The most commonly deployed 
lasers for use in long distance fibre optics are InGaAsP/InP hetero-junction lasers [9]. At 
zero external excitation, the electrons in the semiconductor material fill the valence band. 
When electrical, thermal, or other, energy is added to the system, electrons in the valence 
band become excited and may move into the conduction band (Figure 1-3 (b) [10]), a 
higher, non-equilibrium energy level. As the electrons return to their non-energised state, 
they ‘jump’ across the bandgap to the valence band and a photon of light is emitted. The 
bandgap size dictates the wavelength of the emitted light [9]. 
An increased energy state of an electron would result in a shift in the wavelength of light 
(a) (b) 
Figure 1-3: (a) A side elevation view of the structure of a hetero-junction laser with n-, p+ and 
active junction layers [8]. (b) Physical origin of light emission in a semiconductor laser [10]. 
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emitted, and a breakdown in communication between the laser bar and the receiver. 
Therefore, ensuring a consistent electron energy increase is essential to transceiver PIC 
functionality. To obviate changes in wavelength, laser bars must be maintained within ± 
0.1 K of their operating temperature [6], a much tighter control range than for typical 
electronic components.  
The transceiver PICs under consideration in this thesis feature an array of ten laser bars 
(Figure 1-4 [11]), each with dimensions ~100 µm x 600 µm, dissipating ~100 mW, 
resulting in a nominal device level heat flux of ~1 kW/cm2. In order to develop technology 
that can cope with the predicted bandwidth demand increase, laser bar spacing within a 
transceiver PIC must be reduced from its current value of ~250 µm [7], resulting in an 
increased device-level heat flux that creates a stringent challenge for contemporary 
thermal management solutions. 
Level 2 – Kovar package: The Kovar package houses passive photonics components, 
including lenses, multiplexers and fibre optic connections, and the transceiver PIC, 
containing the active photonics and thermal management technologies, as illustrated in 
Figure 1-4. In conventional technology, a macroscale thermoelectric cooler (TEC), 






approximately 1 cm2 in planar size, sits below the laser bar structures. The hot side of the 
TEC is typically air cooled using a large heat sink. 
Within an array, lasers are cooled as a whole below their operating temperature (which 
can be as low as 15 – 20°C [12]) by the TEC. However, due to thermal cross talk between 
lasers, not all laser bars have an equal temperature [13], resulting in some lasers being 
excessively cooled. Resistive heaters then tune each heater individually to its operating 
temperature, resulting in additional heat flux and increased energy consumption – 
particularly in air-conditioned data centre facilities [14]. Experimental analysis by Sato 
and Murakami [15] found that thermal cross talk between lasers decreases with distance 
from the thermal source, until a distance ~300 µm, where the heat sink temperature begins 
to dominate. Contemporary thermal design for such a system typically results in the 
macroTEC operating with a coefficient of performance < 0.3 [6]. As discussed in Walsh 
et al. [14], data centre thermal performance reacts to changing conditions in the thermal 
chain of components within the data centre. Therefore, improving thermal control of the 
laser array and reducing the need for resistive heaters could help to decrease data centre 
power consumption. 
Level 3 – CFP package: The development of C-form pluggable packages (CFP, CFP2, 
CFP4 and CFP8) has reduced the CFP package to a quarter of its original size, from a 
width of 82 mm (CFP) to 21 mm (CFP4) [16]. This has resulted in increased component 
density within the package. The development of small form factor pluggable (SFP) 
devices, width 13 mm [17], to generate higher data speeds while continuing to reduce 
package size, continues to escalate thermal management challenges within data centre 
circuit racks. 
Level 4 – Server blades: Server blades allow for all packaging levels to be connected 
within a data centre application. The server blades are primarily air cooled, however, 
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other fluidic thermal solutions, including microfluidics, are becoming an increasingly 
researched topic [18]. Existing cooling technologies are incapable of matching industrial 
advancements [6] and, with shrinking optoelectronic packages and increased laser 
density, thermal management issues are compounded, placing design constraints on the 
development of transceiver PIC devices. 
To meet the growing network demand, next generation transceiver PICs must be faster, 
smaller, cheaper and more energy efficient. The combination of photonic devices with 
electronic integrated circuits could enable higher laser densities to be incorporated into 
smaller packages. Since silicon is an indirect bandgap material [19], a hybrid approach to 
device integration is being investigated, where III/V materials are used for the active 
lasers and silicon is used for the passive components such as waveguides and multiplexers 
[20]. The Thermally Integrated Smart Photonics Systems (TIPS) project, within which 
this research was conducted, aimed to provide a path to scalable and efficient thermal 
solutions for integrated electronics [6]. 
1.2. TIPS Project 
To improve thermal management within the transceiver PIC package, the TIPS project1 
aimed to develop and demonstrate a scalable, thermally-enabled, 3D integrated 
optoelectronic platform that could meet the explosion in communications data traffic 
growth. The overall objective was to integrate micro-thermoelectric coolers (µTECs), 
microfluidics and optoelectronic devices in order to accurately control device operating 
temperature and, therefore, optical characteristics, enabling future large-scale deployment 
of highly functional transceiver PICs. 
 
1 This project received funding from the European Union’s Horizon 2020 research and innovation 
programme under grant agreement No 644453. http://www.tips2020.eu/ 
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Thermal management is typically the last design step for electronic or photonic systems, 
and it has been shown to be one of the most significant bottlenecks in the design process 
[6]. Ambient temperatures experienced by transceiver PIC packages can be as high as 
80°C [6], while laser operating temperature can be as low as 15 – 20°C [12]. A tight 
thermal regulation of laser bars (± 0.1 K of the operating temperature [21]) is required to 
minimise wavelength shifts for a laser diode which can be as high as 0.3 nm/K [22]. This 
requires heat to be actively removed from the transceiver PIC package to allow for 
effective laser bar operation. Spreading the high device-level heat flux (~1 kW/cm2 [21]) 
is challenging, and conventional heat spreading techniques are proving inadequate for 
larger density transceiver PIC packages [6]. An increase in laser density within a 
transceiver PIC package will also compound the issue of thermal cross talk between 
adjacent lasers [21]. Currently, circuit packages are forced air cooled, using large heat 
sinks, which are thermofluidically limited, with air inducing convective heat transfer 
coefficients (h) of ~10 – 100 W/m2K [23]. Moreover, the space external to the package 
available for heat sinking is restricted for typical data centre installations, therefore, 
improved cooling effects in a smaller volume are required. 
The proposed TIPS design replaced macroTECs with µTECs and large power-hungry 
heat sinks with liquid-cooled microchannels. The TIPS µTEC design introduced thermal 
spreaders as close as possible to the heat source, the active region shown in Figure 1-5. 
Aluminium nitride (thermal spreader, Figure 1-5 [6]), a thermally conductive, but 
electrically isolating material [6], effectively spread the heat from the heat source. The 
thermoelectric material transferred the heat to the silicon substrate below, bypassing the 
poorly conductive silicon dioxide (thermal conductivity (k) = 1.4 W/m.K [24]) below the 
laser structure. The increased surface area and introduction of thermally conductive 
materials greatly reduced individual device heat flux to < 0.1 kW/cm2 [6]. To remove 
heat from the hot side of the µTEC, microchannels were introduced within the silicon 
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substrate below the laser device, using water as the cooling fluid which is 
thermofluidically superior to air as it generates typical h values of 0.5 – 20 kW/m2K [23]. 
The thermal-hydraulic characteristics of these microchannels are the basis for this thesis. 
 
Commercially available pumping technology has a footprint the size of a CFP4 package 
(~20 cm3 [6]), making it unsuitable for use with the designed TIPS technology. To 
maintain the small size of the developed TIPS thermal management solution, micropump 
technology must be reduced to << 20 cm3 in size, must be reliable and capable of 
generating relatively significant flow rates at high differential pressures (< 20 ml/min at 
pressures < 40 kPa). A micropump, designed within the TIPS consortium (Patent number 
WO2018185005 [25]), has a footprint of 0.9 cm3 and was shown to be capable of pumping 
water through appropriately sized microchannels at flow rates < 20 ml/min, indicating 
them to be suitable for integration with the designed TIPS technology. 
Using water as the working fluid, the removal of large heat fluxes (> 1 kW/cm2) at 
relatively low flow rates (< 20 ml/min) was essential to the success of the TIPS 
technology. The introduced microchannel heat exchanger must also reduce the variation 
in the surface temperatures of lasers within an array, as exists in the current infrastructure, 
in order to reduce the requirement for resistive heaters and, hence, to improve energy 
Figure 1-5: Proposed TIPS µTEC design. A thermal spreader spread heat from the active region 
(the heat source) to the thermoelectric material (µTEC) which directed heat towards the silicon 




efficiency. Maintaining fluid temperature below boiling is also essential to ensure stable, 
single phase flow within the fluidic circuit. 
Laminar flow is characterised by steady fluid streamlines and little lateral mixing [26], 
which results in thermal conduction being the dominant heat transfer path from the 
channel wall to the bulk of the fluid in single phase flow. Heat transfer can be augmented 
in these scenarios by increasing the channel wall velocity gradient or by generating eddy 
structures in the flow. Large channel Reynolds numbers, Re > 2,300 [27], can achieve 
this through turbulent flow, however this approach incurs a significant penalty in 
pumping performance for microscale geometries [28]. 
The TIPS project used indirect microchannel cooling via a microfluidic path that was 
etched in the silicon substrate 250 µm below the photonics (III/V lasers). A small 
footprint heat exchanger is essential for integration into SFP packages. This thesis 
thermally and hydraulically characterises a single rectangular microchannel, 500 µm x 
250 µm x 4,800 µm, hydraulic diameter (Dh) 353 µm, aspect ratio 0.5, for flow rates of 2 
– 20 ml/min, mean flow velocities 0.2 – 2.6 m/s, and Reynolds numbers of 93 – 931. An 
array of heater structures, 30 µm x 700 µm, applied heating conditions to the 
microchannel heat exchanger similar to those experienced within a transceiver PIC laser 
array, as is further discussed in Section 3.2.1. 
Microchannels provide a potential solution to the transceiver PIC thermal management 
issue due to their large fluid-to-volume ratio, which improves heat transfer within the 
photonics package [29]. The potential thermal savings due to increased flow velocity 
must be balanced with increased costs incurred due to pumping the cooling fluid through 
the microchannel structures. To examine the current state-of-the-art in microchannel 
cooling, an in-depth analysis of the existing literature was completed. 
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1.3. Microchannel Heat Exchangers 
A review of the existing literature on microchannel heat exchangers was completed to 
determine heat transfer and friction factor correlations for the flow and heating conditions 
examined during experimental investigations in this thesis. Forced liquid cooling 
provides convective heat transfer coefficients more than an order of magnitude (~103 
W/m2K) higher than air cooling techniques [23]. Microscale heat exchangers have been 
utilised as a high heat flux removal technique for electronics since the 1960’s [30]. 
However, the switch to complementary metal oxide semiconductor (CMOS) circuit 
technology during the 1970’s [31], resulted in a decrease in component level power 
dissipation and, therefore, a return to cheaper air-cooling technologies [11]. With the 
recent increase in device level heat flux, liquid cooling technologies have begun to 
reappear. Microchannel heat exchangers are classified as low mass flow rate / high 
pressure drop systems, and their application for the thermal management of electronic 
components has been studied in great detail [32]. Microchannels offer compelling 
advantages for microelectronic cooling as they can be fabricated in close proximity to the 
silicon die, allowing for integration with electronic components. An example of a typical 
integrated microchannel array heat exchanger is shown in Figure 1-6 [33]. Microchannels 
have yet to be fully embraced by the electronics industry due to their complexity, cost of 
manufacture, and inconsistencies regarding their thermal and hydrodynamic 
characteristics [11]. 
The concept of microchannel heat exchangers was introduced in 1981 by Tuckerman and 
Pease [33] to reduce the thermal resistance due to conduction by bringing the coolant as 
close as possible to the heat source and to induce greatly increased local heat flux removal 
rates (~102 – 103 W/cm2). The microscopic scale of the channels resulted in a reduction 
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in the convective resistance to heat transfer due to a decrease in the thermal boundary 
layer thickness and the large effective surface area. 
Since the work of Tuckerman and Pease, many papers have been published investigating 
laminar flow through microchannels and, in particular, comparing friction factor, critical 
Reynolds number (Re) and Nusselt number (Nu) results with conventional theory. Results 
have been shown to deviate from conventional theory while also differing greatly from 
each other. Reviews of the literature by Morini [32] and Lee et al. [34] concluded that 
further systematic studies were required to generate a sufficient body of knowledge of the 
transport mechanisms responsible for the variations seen throughout the referenced 
sources. Fluid flow and heat transfer characteristics were seen to both fall below and 
exceed established correlations. From a chronological analysis, completed by Morini 
[32], deviations between results were found to decrease with improvements in 
microfabrication techniques and the resolution of measurement methods. 
Wang and Peng [35] and Peng and Peterson [36] experimentally analysed the effect of 
fluid properties on the heat transfer characteristics of a mixture of methanol and deionised 
water. Experiments were completed on microchannels of hydraulic diameters 311 – 747 
µm over a fluid temperature range of 11°C to 28°C, and flow velocities ranging from 0.2 
Figure 1-6: Compact heat exchanger incorporated into an integrated circuit chip taken from 
[33]. The figure shows the microchannels through which coolant flows in close proximity to the 
electronic circuit to enhance cooling. 
12 
 
to 2.1 m/s. The transition to turbulent flow was shown to occur at Re = 300 – 1,000. The 
convective heat transfer coefficient was found to increase with a decrease in liquid 
temperature and an increase in fluid velocity. Microchannel size was shown to 
significantly affect heat transfer performance, and results indicated towards an optimum 
microchannel aspect ratio (ε) for heat transfer, ε = 0.5 – the aspect ratio that is examined 
in this thesis. 
Experimental investigations into the single-phase forced-flow convection characteristics 
of water flowing through rectangular, stainless steel microchannels of hydraulic diameter 
646 µm were carried out by Peng and Wang [37]. They compared their experimental heat 
transfer data with the correlation for microchannels proposed by Wu and Little [38] for 
the laminar regime. In general, the experimental Nusselt number was ~10% lower than 
the predicted results. 
The results of Peng and Peterson [39] indicate that geometric configuration has a 
significant effect on convective heat transfer and flow characteristics for a single-phase 
flow regime. Stainless steel microchannels of hydraulic diameters 133 – 367 µm were 
used with water as the working fluid at temperatures ranging from 20 – 45°C. Fluid 
velocity was relatively high, ranging from 0.2 to 12 m/s resulting in Reynolds numbers 
of 30 – 4,000, spanning the laminar and turbulent flow regimes. Transition to turbulence 
was found to occur at Re ≈ 200 – 700. Proposed correlations of friction factor show that 
it is proportional to microchannel configuration and 𝑅𝑒−1.98. The proposed correlation 
for Nusselt number is a function of Reynolds number, Prandtl number, microchannel 
dimensions and the centre-to-centre distance between microchannels (see Equation (1-2), 
Table 1-2). 
Harms et al. [40] experimentally investigated single-phase forced convection in deep 
rectangular microchannels, aspect ratio ~4. Experiments were carried out on two 
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geometries, an array of microchannels, hydraulic diameter 404 µm, and a microgap, 2.5 
cm wide, hydraulic diameter 1,923 µm, both etched in silicon, under uniform heat flux 
conditions. A large range of Reynolds numbers, between 173 – 12,900, were investigated 
with a fluid inlet temperature of approximately 20°C. Due to the large size of the 
microgap geometry and the large flow rates, flow only occurred in the turbulent regime 
(Re = 1,383 – 12,900). Flow through the array of microchannels ranged in Reynolds 
numbers from 173 – 3,169, spanning the laminar and turbulent flow regimes. Friction 
factor results could not be obtained for the microgap geometry, while results for the 
multiple microchannel array showed a transition to turbulent flow at a Reynolds number 
of 1,500, and friction factor results were found to closely match conventional theory. For 
the microgap design, the experimental Nusselt number was ~10 – 30% higher than 
correlations for all flow rates. The microchannel array heat transfer results agree 
reasonably well (within ~16%) with theory at high flow rates but deviate significantly at 
lower flow rates (~40 – 60%). 
Jiang et al. [41] numerically and experimentally analysed an array of deep microchannels, 
Dh = 346 µm, ε = 0.3. Results show a transition to turbulent flow at Re ≈ 600. 
Experimental heat transfer results for a maximum flow velocity of 4.97 m/s revealed a 
maximum overall convective heat transfer coefficient of 13.3 kW/m2K. A correlation for 
Nusselt number in simultaneously developing flow was also proposed as a function of 
Reynolds number, Prandtl number, hydraulic diameter and channel length, Table 1-2, 
Equation (1-3), that matches experimental data to within ± 10%. Friction factor results 
are ~25 – 66% greater than conventional theory. Non-conformance with conventional 
theory is noted to be due to flow being in the hydrodynamic entrance region and the 
relatively high surface roughness of the channel walls. Jiang et al. proposed a friction 




Qu and Mudawar [42] experimentally and numerically investigated the pressure drop and 
heat transfer characteristics of an array of rectangular microchannels, Dh = 405 µm, with 
a uniform heat flux heating condition, over a Reynolds numbers range of 139 – 1,672. 
Experimentally measured pressure drop and temperature distributions showed good 
agreement with the corresponding numerical predictions. It was found that the Nusselt 
number for laminar flow is determined solely by channel geometry and the local flow 
conditions. 
Kim [43] undertook an empirical study to explore the validity of theoretical correlations 
based on conventional sized channels for predicting fluid flow and heat transfer 
characteristics in microchannels. The study by Kim was completed on microchannels 76 
mm in length, resulting in flow becoming fully hydrodynamically developed along the 
length of the microchannel. Kim found that surface roughness has an effect on the critical 
Reynolds number and on heat transfer. However, it was not certain if the early transition 
to turbulence seen in experimentation, when compared to conventional smooth 
rectangular ducts with abrupt entrances (at Re = 2,150), was caused primarily by surface 
roughness. Nusselt number data increased with increasing Reynolds number. Local 
Nusselt number values for a microchannel of aspect ratio 0.25 ranged from ~2 – 13 (local 
convective heat transfer coefficient = 1.9 – 12.7 kW/m2K) for Reynolds numbers of 78 – 
1,140. For Reynolds numbers less than 180, experimental results fell below theoretical 
correlations by < 70%, with the agreement between theory and experimental data 
improving with increasing Reynolds number. Above Re = 180, theoretical values of 
Nusselt number were deemed to be suitable as a first approximation for rectangular 
microchannels when the channel aspect ratio is greater than 1. 
Microchannel heat exchangers are an increasingly researched topic. However, there is 
disagreement between sources as to the critical Reynolds number values, friction factor 
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correlations and Nusselt number correlations. A selection of critical Reynolds number 
values for microchannel flow found in the literature and quoted in other sources is shown 
in Table 1-1. 
Table 1-1: Critical Reynolds numbers observed within the literature for microchannel liquid flow. 
Values are ordered chronologically from earliest to most recent publication. 
Critical Reynolds Number Reference 
300 – 800 Wang and Peng [35] 
400 – 1,000 Peng and Peterson [36] 
300 – 700 Peng and Peterson [44] 
1,510 – 1,700 Harms et al. [40] 
1,450 Pfund et al. [45] 
600 – 2,800 Jiang et al. [41] 
2,000 – 2,300 Li et al. [46] 
2,150 Kim [43] 
The reviewed literature examines microchannel geometries, flow regimes and heating 
conditions, similar to those experimentally examined in this thesis. Typically, a Reynolds 
number > 2,300 is deemed to be in the turbulent flow regime [23]. The low critical 
Reynolds number values cited in Wang and Peng [35], Peng and Peterson [36] and Peng 
and Peterson [44] in Table 1-1, are quoted to be due to fluid temperature (12 – 20°C), 
fluid velocity (0.2 – 1.5 m/s) and microchannel size (width 0.2 – 0.8 mm and height 0.7 
mm). The results of Jiang et al. [41] are lower than typical critical Reynolds number 
values due to the relatively high surface roughness of the examined channels. A review 
of the literature by Obot [47] arrives at the conclusion that there is no strong experimental 
evidence to support the existence of transitional or turbulent flow in smooth channels at 
Reynolds numbers less than 1,000. In this thesis, the Reynolds number remains < 1,000. 
Therefore, flow is assumed to be laminar across all experimentation. 
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In the study by Muzychka and Yovanovich [48], an apparent friction factor-Reynolds 
number is proposed to capture the developing and fully developed flow regions in laminar 
duct flow. The development of this equation is further discussed in Section 2.5. 
Throughout the literature, variations in experimental Nusselt number values are seen, as 
are deviations from conventional theory. Uniform heat flux and constant wall temperature 
thermal boundary conditions are examined in the literature. Within the proposed TIPS 
technology, lasers apply a strip heating condition to a silicon substrate (see Section 2.4.3). 
Due to the high thermal conductivity of silicon (k = 153 W/m.K [49]), it is postulated that 
heat will spread through the substrate, to approach uniform heat flux thermal boundary 
conditions at the solid-fluid interface; this will be further analysed in Section 2.4.4. A 
uniform surface temperature boundary condition at the solid-fluid interface was not 
considered throughout this thesis due to the expected high convective heat transfer 
coefficient of the working fluid, water (h ~ 103 W/m2K). The thin silicon substrate does 
not have a sufficient thermal conductivity value to provide a low Biot number (Bi > 23 
for the experimentation completed in this thesis), therefore, convection from the solid-
fluid interface will be the dominant heat transfer mechanism within the conjugate heat 
transfer problem. This will result in increased temperature at the solid-fluid interface in 
positions below the laser structures within a transceiver PIC array, and, therefore, a non-
uniform thermal boundary condition will exist at the solid-fluid interface. Within the 
context of this thesis, two limiting thermal boundary conditions are analysed: strip heating 
and uniform heat flux. 
In addition to the Nusselt number correlations proposed by Jiang et al. [41] and Peng and 
Peterson [39], numerous conventional correlations exist in literature. Table 1-2 shows 
average Nusselt number correlations that can be applied to laminar flow in various duct 
geometries and for a range of flow and heating conditions (uniform heat flux or constant 
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wall temperature), where: ε is channel aspect ratio (H/W), Dh is hydraulic diameter, D is 
diameter, Wc is the centre-to-centre spacing of the microchannels, H is channel height, W 
is channel width, L is channel length, µf is fluid viscosity at bulk (mean) temperature of 
the fluid, and µw is fluid viscosity at the wall temperature. Microchannel heat exchanger 








Table 1-2: Average Nusselt number correlations for varying flow conditions and cross-sections 
with constant wall temperature and uniform heat flux boundary conditions. Correlations are 
sorted by flow conditions. 
Average Nusselt Number Correlation Limitations 
[Ref] 
(Eqn) 
Kays and Crawford 
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• Constant wall 
temperature 
• Fully developed flow 
[50] 
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𝑹𝒆𝟎.𝟔𝟐𝑷𝒓𝟏 𝟑⁄  
𝑹𝒆 < 𝟐, 𝟐𝟎𝟎 
• Rectangular 
microchannels  
• Uniform heat flux  
• Fully developed flow 
[39] 
(1-2) 
Jiang et al. 
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Figure 1-8 shows a graphical representation of a selection of the average Nusselt number 
correlations from Table 1-2, calculated within this research, for circular and rectangular 
ducts with uniform heat flux conditions, as a function of Reynolds number. Results are 
for Pr = 6.26 (Water at 25°C [53]), along the length of the microchannel heat exchanger 
geometry (4,800 µm) characterised in this thesis (further discussed in Section 3.2.1), and 
across the range of utilised flow rates (2 – 20 ml/min). Correlations for simultaneously 
and thermally developing flow are presented, for the full range of Reynolds (93 – 931), 
Prandtl (5 – 7) and Graetz (45 – 480) numbers addressed in this thesis. 
The disparity in Nusselt number results within the literature is clear from Figure 1-8, and 
it is evident that Nusselt number values reduce as flow conditions change from 
simultaneously developing (Jiang et al., Sieder-Tate and Stephan) to thermally 
developing (Shah and London), due to flow becoming hydrodynamically developed, as 
is also illustrated in Figure 2-4. Nusselt numbers predicted by the correlation proposed 
Figure 1-8: Average Nusselt number as a function of Reynolds number, calculated using 
correlations set out in the literature, for the geometry and flow rates addressed in this thesis. 
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by Jiang et al. are seen to increase significantly with an increase in Reynolds number 
which is attributable to the large relative roughness of the studied microchannels [41] 
increasing the convective heat transfer [54]. 
The effect of thermal boundary layer development on individual laser temperature will 
be analysed in this thesis. Therefore, the local Nusselt number is also of interest. 
Correlations for the local Nusselt number for thermally developing and simultaneously 
developing flow are presented in Shah and London [52]. A selection of these correlations 
is shown in Table 1-3 for a circular duct with boundary conditions of uniform wall heat 
flux and constant wall temperature. Correlations in Table 1-3 cover the full range of 
Graetz numbers studied in this thesis. 
Local Nusselt numbers, calculated from the local Nusselt number correlations presented 
in Table 1-3, are graphically shown in Figure 1-9 as a function of the inverse Graetz 
number, Equation (2-7), on a log-log scale, similar to Figure 2-4. Nusselt numbers are 
calculated for a Reynolds number of 465, corresponding to a flow rate of 10 ml/min, the 
approximate mean of the range of flow rates utilised in this thesis, and a Prandtl number 
of 6.26 [53]. Calculations were completed along the length of the microchannel heat 
exchanger, 0 µ𝑚 < 𝑥 < 4,800 µ𝑚. Local Nusselt number is inversely proportional to the 
inverse Graetz number with a power-law dependency. However, the inverse Graetz 
number does not exceed 0.05, resulting in flow being in the thermally developing region 
along the entire length of the characterised microchannel heat exchanger for the range of 
flow rates studied in this thesis (further discussed in Section 2.3). The results of Shah, 
Equations (1-12) and (1-13), and Churchill and Ozoe, Equation (1-14) are similar, due to 





Table 1-3: Local Nusselt number correlations for thermally and simultaneously developing flow 
in circular ducts with constant wall temperature and uniform heat flux boundary conditions. 
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The literature has revealed extensive investigations of the critical Reynolds number, 
friction factor and Nusselt number correlations for various flow and heating conditions in 
microchannel geometries. There is discrepancy in Nusselt number correlations across the 
range of Reynolds and Graetz numbers utilised in this thesis. The conventionally studied 
thermal boundary conditions will be evaluated for their applicability to the experimental 
analysis completed in this thesis. This work will complete a comprehensive thermal-
hydraulic characterisation of a rectangular microchannel heat exchanger for use as a 
thermal management solution in next generation transceiver PICs. 
1.4. Objectives 
The overall objective of this thesis is to understand the thermal-hydraulic characteristics 
of the 500 µm x 250 µm x 4,800 µm rectangular microchannel heat exchanger and the 
Figure 1-9: Local Nusselt numbers calculated using correlations in Table 1-3 as set out in the 
literature as a function of inverse Graetz number, for the geometric dimensions studied 
throughout this thesis. Results are for a Reynolds number of 465 and Prandtl number of 6.26. 
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thermal effects of flow rate on powered heater structures, mimicking a III/V laser array 
within a transceiver PIC. The specific objectives are: 
• to thermally characterise an existing III/V laser device in order to determine a 
thermal baseline for microchannel heat exchanger testing; 
• to thermally and hydraulically characterise a microchannel heat exchanger in 
order to determine its viability for use in next generation transceiver PICs; and 
• to examine thermal spreading through the silicon substrate, and its thermal 
influence on neighbouring heaters across the full range of examined flow rates. 
1.5. Thesis Outline 
The remainder of this thesis has been divided into four chapters, which are organised as 
follows: 
• Chapter 2 details the theoretical relations required to determine appropriate 
dimensionless numbers and the hydraulic and thermal entrance lengths. Due to 
the applied heating conditions, a two-dimensional approximation is utilised to 
determine the appropriate thermal boundary conditions for theoretical analysis; 
strip heating or uniform heat flux. Relations for use in the hydraulic 
characterisation, including friction factor and the theoretical pressure drop, are 
also presented. 
• Chapter 3 details the experimental apparatus and procedures for the thermal 
characterisation of an active III/V laser device and the thermal-hydraulic 
characterisation of a rectangular microchannel heat exchanger. Details of the data 
analysis procedure as well as the calibration of measurement equipment and the 
uncertainty analysis of primary and derived terms are also presented. 
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• Chapter 4 presents and discusses results from the thermal characterisation of the 
active III/V laser and the thermal-hydraulic characterisation of the rectangular 
microchannel heat exchanger, including pressure-flow measurements, heater 
temperature as a function of fluid flow rate, dimensionless heat transfer analysis 
and thermal cross talk between neighbouring heater structures. 
• Chapter 5 draws conclusions from the presented data and makes 





This chapter introduces the theory used to analyse the thermal-hydraulic characteristics 
of the microchannel heat exchanger geometry under investigation in this thesis. The 
analysis of the microchannel heat exchanger, tailored for the specific flow species and 
heating conditions, is used to put the experimental results in context. The microfluidic 
flow geometry under analysis is firstly introduced along with the utilised heating 
elements. The relevant thermal-hydraulic dimensionless numbers, characteristic 
dimensions and developing lengths are then presented. A conjugate analysis, 
approximated to two-dimensions, of the conductive heat spreading within the silicon 
substrate, below the laser array within a transceiver PIC, is used to determine the 
appropriate thermal boundary condition for the convection heat transfer analysis. The 
bounding limits of strip heating and uniform heat flux are taken into account. To facilitate 
comparison between theoretical and experimental results, friction factor correlations for 
developing laminar microchannel flow are presented and theoretical pressure drop 
calculations for the overall flow path are also developed. 
2.1. Flow Geometry 
A microfluidic test chip, fabricated within the TIPS consortium, was investigated in this 
thesis to determine the feasibility of a single, rectangular microchannel heat exchanger 
for thermal management in next generation transceiver PICs. Full details of the 
microfluidic test chip are presented in Section 3.2.1. By way of an overview, Figure 2-1 
shows the analysed microfluidic flow path and integrated heater structures. The 
microchannel heat exchanger (4) was connected to the inlet (1) and outlet (7) of the test 
chip by an entrance microchannel (2), an entrance (3) and exit (5) manifold – diffuser and 
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nozzle type geometries respectively – and an exit microchannel (6). From inlet to outlet 
of the test chip, the flow path featured 90° bends and gradual and sudden expansions and 
contractions. The 250 µm deep flow path was etched in a 500 µm silicon wafer. Heater 
structures crossed the microchannel heat exchanger perpendicular to the flow direction. 
Water was used as the working fluid with flow rates < 20 ml/min applied to examine the 
heat transfer effect on multiple and singly powered heater structures. The microchannel 
heat exchanger geometry was ~500 µm in width, ~250 µm in height and ~4,800 µm in 
length, resulting in a channel aspect ratio of ~0.5. Flow through the microchannel heat 
exchanger remained laminar (Re = 93 – 931) and, at lower flow rates (2 – 4 ml/min), 
became fully hydrodynamically developed (Section 2.3) prior to exiting the microchannel 
heat exchanger. 
Eight chromium heater structures (~30 µm x 700 µm x 150 nm) were deposited, 
perpendicular to the flow direction, to supply thermal energy. Each heater structure 
dissipated a uniform heat flux along its length. A silicon substrate, 250 µm thick, 
separated the working fluid from the heater structures, as shown in Figure 2-2. 
Figure 2-1: Flow geometry showing chip inlet and outlet from the flow path with 90° bends, 
expansions and contractions. 











The hydraulic diameter (Dh) is conventionally used as the characteristic dimension of a 
non-circular tube that has the same significance as the diameter of a circular tube [50], 
allowing fluid flow and heat transfer correlations for circular ducts to be applied to other 






where, A is the channel cross sectional area and P is channel perimeter. It has been shown, 
however, that √𝐴 is a more appropriate length scale for laminar flow in non-circular ducts 
[48]. Throughout this thesis, √𝐴 is used in place of hydraulic diameter. The variation 
between the calculated values for the conventional hydraulic diameter (333 µm) and √𝐴 
(353 µm) for the examined microchannel heat exchanger geometry is +6%. 
2.2. Dimensionless Numbers 
Thermal-hydraulic behaviour of microchannel fluid flows can be captured using the 
dimensionless Reynolds number (Re), Nusselt number (Nu), Graetz number (Gz) and 
Prandtl number (Pr) [58]. 
Figure 2-2: Cross-section schematic of the heater structures on the characterised microfluidic 
test chip, separated from the working fluid by a 250 µm thick substrate. 
28 
 
The Reynolds number, used to characterise the ratio of inertial to viscous forces in a flow 






where, ρ is fluid density, 𝑢 is the mean velocity of the fluid, A is the channel cross-
sectional area, and µ is the dynamic viscosity of the fluid. For internal flows, such as 
those considered in this thesis, the onset of turbulence is conventionally deemed to occur 
at a Reynolds number of 2,300 [23]. Below this value flow is regarded to be laminar, as 
is generally the case in microfluidic heat exchangers due to their small length scales. As 
shown in Section 1.3, there is disagreement within the literature as to the critical Reynolds 
number for microchannel flow, with values ranging from 300 to as high as 2,800. In this 
work, however, the Reynolds number is < 1,000 across all examined flow rates (2 – 20 
ml/min) and, therefore, flow is deemed to remain laminar throughout [47]. 
The Nusselt number provides a representation of the convection heat transfer occurring 
at the solid-fluid interface [23]. The conventional average Nusselt number equation for a 
non-circular duct is expressed as: 





where, kf is the thermal conductivity of the fluid and ℎ̅, the average convective heat 






where, Ts is the average surface temperature and Tꝏ is the fluid temperature. The local 













 is the surface heat flux at the position x, 𝑇𝑠|𝑥 is the local surface temperature 
at position x, 𝑇𝑚 is the fluid bulk mean temperature which varies with position x, and x is 
the co-ordinate that denotes streamwise distance. The local Nusselt number can be 
determined from Equation (2-3), by substituting the streamwise position along the duct, 
x, for the length scale, √𝐴 and the local heat transfer coefficient (ℎ𝑥) for the average heat 
transfer coefficient (ℎ̅). 
The Prandtl Number is the ratio of momentum diffusivity to thermal diffusivity within a 






where, cp is the fluid specific heat capacity. The magnitude of the Prandtl number 
indicates the relative thickness of the momentum and thermal boundary layers [23]. 







where, L is the duct length. The local Graetz can be determined by substituting the 
streamwise position along the duct, x, for the length scale, √𝐴. A local Graetz number of 
less than ~20 is a point at which flow is considered fully developed. 
Dimensionless analysis is used in the determination of developing lengths (Section 2.3), 
heat transfer characteristics (Section 2.4), and friction factor correlations (Section 2.5). 
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2.3. Developing Lengths 
When laminar flow enters a duct, viscous effects become influential and a hydrodynamic 
boundary layer begins to develop (Figure 2-3 (a), [23]). If a thermal difference exists 
between the surfaces of the duct and the bulk fluid, convective heat transfer occurs and a 
thermal boundary layer begins to develop (Figure 2-3 (b), [23]). The lengths of both the 
hydrodynamic and thermal developing regions dictate the flow regime experienced at a 
streamwise position, x, along the duct. There are four types of laminar flow that can occur; 
fully developed (hydrodynamically and thermally developed), hydrodynamically 
developing (hydrodynamically developing and thermally developed), thermally 
developing (hydrodynamically developed and thermally developing) and simultaneously 
developing (hydrodynamically and thermally developing) [58]. In flow with a 
hydrodynamically developing boundary layer, the friction factor varies with distance, x, 
into the duct; similarly, in flow with a thermally developing boundary layer, the Nusselt 
number varies with distance. 
The hydrodynamic entrance length, Lhy, is defined as the axial distance required to attain 
99% of the ultimate fully developed maximum duct section velocity [52] and, for laminar 
flow, this distance can be expressed as [23]: 
𝐿ℎ𝑦 ≈ 0.05√𝐴𝑅𝑒√𝐴 
(2-8) 
Hydrodynamic entrance length calculations for the microchannel heat exchanger 
geometry and flow rates employed in this thesis showed that flow became fully developed 
at lower flow rates (≤ 4 ml/min), prior to exiting the microchannel heat exchanger (Lhy = 
1.7 – 16.7 mm). As a consequence, the majority of testing is completed within the 
hydrodynamically developing region. 
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The thermal entry length, Lth, is the axial distance required to achieve a local Nusselt 
number within 5% of the fully developed Nusselt number value, and it is expressed as: 
𝐿𝑡ℎ ≈ 0.05√𝐴𝑅𝑒√𝐴𝑃𝑟 
(2-9) 
Thermal entry length calculations for this work, showed that flow does not become fully 
thermally developed within the microchannel heat exchanger (Lth = 12 – 116 mm), 
resulting in thermally developing flow conditions for all testing completed in this thesis. 
The appropriate flow regimes examined in this thesis are thermally developing, for 
sections of the microchannel heat exchanger at flow rates of 2 ml/min and 4 ml/min, and 
simultaneously developing for all other flow rates. Appropriate heat transfer correlations 
are presented in Table 1-2 and Table 1-3. In simultaneously developing flow, both the 
friction factor and Nusselt number vary with axial location. 
(a) 
Figure 2-3: (a) Laminar, hydrodynamic boundary layer development within a circular tube [23]. 




In the experimental characterisation work completed in this thesis, water was used as the 
working fluid and, across the range of employed temperatures (20 – 80°C), Prandtl 
number values from 2 – 7 existed due to the dependence of fluid properties on temperature 
[53] although, during testing, fluid temperature was maintained at 25°C in the Lauda 
thermal bath, resulting in a Prandtl number value of ~6.26 [53]. Kays and Crawford [50] 
state that if Pr > 5, the velocity profile leads the temperature profile sufficiently that a 
solution based on a fully developed velocity profile will accurately apply even if there is 
no hydrodynamic starting length. Rohsenow and Hartnett [58] note that the difference in 
heat transfer between fully developed flow and simultaneously developing flow is only 
significant for fluids of Prandtl number less than about 10, challenging the assertion of 
Kays and Crawford. However, Muzychka and Yovanovich [48] state that for all 
developing effects to become negligible in pressure drop calculations, a duct must have a 
dimensionless length of order ten times the hydrodynamic entrance length. Due to the 
short length of the microchannel heat exchanger (4,800 µm) examined in this work, the 
hydrodynamic developing region effect is non-negligible and, therefore, it is considered 
in calculations of heat transfer and friction factor. 
2.4. Thermal Characterisation 
This section examines the heat transfer mechanisms present in the microfluidic flow 
regime in order to complete a thermal characterisation of the microchannel heat 
exchanger. Conventional analysis of convective heat transfer in internal flow is presented. 
Local Nusselt number correlations, presented in the literature, appropriate for thermally 
and simultaneously developing flow with a uniform heat flux thermal boundary condition, 
are then presented. Heat transfer analysis of a strip heating thermal boundary condition is 
also considered as a limiting condition to represent the heater structures mounted on the 
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silicon substrate. Two-dimensional conduction analysis was used to determine the heat 
spreading effects through the silicon substrate and, hence, the applicability of strip heating 
or a conventional uniform heat flux boundary condition at the solid-fluid interface. The 
equations used in the analysis of experimental data to determine heat transfer effects are 
then presented. 
2.4.1. Conventional Analysis 
This thesis features a conjugate heat transfer configuration, due to conduction through the 
silicon substrate (250 µm thick) and convection from the substrate to the cooling fluid. 
Heat transfer received by the fluid due to convection (𝑄𝑐𝑜𝑛𝑣) can be calculated using the 
energy balance equation [23]: 
𝑄𝑐𝑜𝑛𝑣 = ?̇?𝑐𝑝(𝑇𝑚,𝑜 − 𝑇𝑚,𝑖) (2-10) 
where, ?̇? is fluid mass flow rate, cp is fluid specific heat capacity, and Tm,o and Tm,i are 
mean fluid outlet and inlet temperatures respectively. Equation (2-10) was used to 
calculate the convective heat transfer to determine the proportion of power dissipated 
from the heater structures that was convected into the working fluid (Section 4.2.3.d). 
As the thermal boundary layer develops, the convective heat transfer coefficient (h) and 
Nusselt number decay until a constant value is reached under fully developed flow 
conditions [23]. In fully developed circular pipe flow with uniform heat flux and constant 
wall temperature heating conditions, the Nusselt numbers decay to values of 4.36 and 
3.66 respectively, as shown in Figure 2-4 [50]. Figure 2-4 also indicates that fully 
developed flow for all cases occurs at Gz ≈ 20. 
Shah and London [52] used numerical integration to determine the Nusselt number value 
for fully developed flow in a rectangular duct of aspect ratio 0.5 – the same aspect ratio 
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considered in this thesis. The local Nusselt numbers for thermal boundary conditions of 
uniform heat flux and constant wall temperature were calculated to be 4.12 and 3.39 
respectively. The studied flow regimes in this thesis were simultaneously and thermally 
developing (Section 2.3). Therefore, local Nusselt number correlations appropriate for 
this work are required. Due to the heater structrues applying a strip heating condition to 
the top of the silicon substrate (Figure 2-2) and the expected heat spreading effect through 
the silicon substrate due to its high thermal conductivity (k = 153 W/m.K [49]), two 
limiting boundary conditions are proposed; uniform heat flux and strip heating. The 
effects of these thermal boundary layers on convective heat transfer at the solid-fluid 
interface must be analysed to determine appropriate Nusselt number correlations. 
 
2.4.2. Uniform Heat Flux 
Local Nusselt number correlations for thermally and simultaneously developing flow are 
listed in Table 1-3. Shah and London [52] present a correlation, shown in Equation (2-11), 
Figure 2-4: Local Nusselt number for laminar flow along a circular tube [23] as a function of 
the inverse Graetz number. At the tube entrance, the local convective heat transfer coefficient 
and Nusselt number are at maxima and rapidly decay along the tube until constant values are 
reached within the fully developed region, at a value of Gz-1≈0.05. 
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developed by Shah [56] (Equations (1-12) and (1-13)) and Grigull and Tratz [59] for the 
local Nusselt number in a circular duct with thermally developing flow and uniform heat 
flux boundary conditions across the full range of Graetz numbers. In this thesis, thermally 
developing flow conditions are seen within the characterised microchannel heat 













𝑥∗ ≤ 0.00005 
0.00005 ≤ 𝑥∗ ≤ 0.0015 
𝑥∗ ≥ 0.0015 
(2-11) 
where, 𝑥∗ is the inverse Graetz number (Equation (2-7)). 
A local Nusselt number correlation for flow in a circular duct with uniform wall heat flux 
boundary conditions and simultaneously developing flow was proposed by Churchill and 
Ozoe [57] and is presented in Equation (1-16). This flow regime is relevant, in this thesis, 
for all flow rates > 4 ml/min and streamwise positions, x, where the hydrodynamic 
boundary layer is developing at flow rates of 2 and 4 ml/min. Correlations presented in 
Equations (2-11) and (1-16) can be applied to non-circular ducts by using the length scale 
√𝐴 to replace the conventional length scale, D, in Equation (1-16) and for Reynolds 
number calculations (Section 2.1). 
Due to the anticipated heat spreading through the silicon substrate, convective heat 
transfer regimes for flow with uniform heat flux at the solid-fluid interface were analysed 
within this thesis and appropriate Nusselt number correlations were determined. A second 




2.4.3. Strip Heating 
The effect of strip heating on convective heat transfer is considered as a limiting condition 
due to the heater structures applying a strip heating condition along the top of the silicon 
substrate (Figure 2-2). Bejan [49] presents a solution for a strip heating condition, with 
the heat source in direct contact with the fluid (at the solid-fluid interface), Figure 2-5 
(c) . 
The solution for this scenario is achieved via the superposition of two thermal boundary 
layers. In the case of flow with an unheated starting length (USL), (Figure 2-5 (a)), the 
Figure 2-5: Principle of superposition in the construction of integral solutions for boundary 
layers with finite heated length. Adapted from [49]. 
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local Nusselt number is a modification of the local Nusselt number for a uniform heat 
flux boundary condition [49]: 









where, 𝑥1 is the point at which heating begins. Using equation (2-12), Bejan [49] presents 
a solution for heat transfer from a strip heater 𝑥1 < 𝑥 < 𝑥2, as shown in Figure 2-5 (c). 
The thermal boundary layer generated by strip heating can be reconstructed as the 
superposition of two thermal boundary layers; the thermal boundary layer downstream 
from 𝑥 = 𝑥1 (Figure 2-5 (a)), and the thermal boundary layer downstream from 𝑥 = 𝑥2 
(Figure 2-5 (b)). The superposition of the two boundary layers represents the thermal 
boundary layer due to strip heating and allows for the development of an appropriate local 
Nusselt number, as a function of the local Nusselt number for a uniform thermal boundary 
condition without a USL [49]: 










where, N is the total number of thermal step changes at points 𝑥𝑖. In the case of eight 
heaters, as in this work, 𝑁 = 16, with the thermal step changes at 𝑥1,3,5…15 being positive 
and the thermal step changes at 𝑥2,4,6…16 being negative. A step change increase in 
temperature at the point 𝑥𝑖  results in a positive term within the summation of Equation 
(2-13), while a decrease in temperature at the point 𝑥𝑖 results in a negative term within 
the summation. Since 𝑥2 is larger than 𝑥1, a negative value for the local Nusselt number 
due to strip heating will be obtained. This means that in the trailing section after the strip 
heater, the wall reabsorbs part of the heat released along the length 𝑥1 < 𝑥 < 𝑥2 [49]. 
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In the context of this thesis, for local Nusselt number correlations, Equation (2-13) will 
be combined with Equation (1-16) and Equation (2-11) to obtain heat transfer results for 
strip heating conditions. 
To determine the appropriate method for heat transfer analysis – strip heating or uniform 
heat flux – the heat spreading effect through the silicon substrate was analysed using a 
closed form analysis for the conjugate heat transfer within the substrate. 
2.4.4. Conductive Heat Spreading 
The strip heating boundary condition presented in Section 2.4.3 is based on the 
assumption that the heater structures are in direct contact with the cooling fluid. However, 
a silicon substrate, 250 µm thick, separates the fluid from the heaters within the TIPS 
fabricated microfluidic test chips, as shown in Figure 2-2. Therefore, the influence of 
conductive heat spreading, through the silicon substrate, on the thermal boundary 
conditions at the solid-fluid interface must be analysed. To this end, two-dimensional 
conduction analysis was completed for an isoflux, rectangular heat source through a 
rectangular flux channel with convective cooling at one boundary, as shown in Figure 2-6 
[60]. Results of this analysis are presented in Section 4.2.6. 
The boundary conditions and dimensions considered in the analysis match the parameters 
of the microfluidic test chip characterised in this thesis. A heat flux (𝑞”) was applied in 
the centre, at the top, of the isotropic material, for a width 2a. The material through which 
conduction occurs has a thickness t, a flux channel width 2c and thermal conductivity k. 
Convective heat transfer occurs from the bottom of the substrate to a fluid of constant 
ambient temperature, Tꝏ, with a constant convective heat transfer coefficient, h. It was 
assumed that no heat generation occurred within the substrate. The top plane is assumed 
to be adiabatic apart from the heat source – a reasonable assumption in this work, due to 
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still air conditions (h ~ 10 W/m2K [23]) prevailing on the upper surfaces of the silicon 
substrate. The sides of the domain are assumed to be adiabatic due to the assumption 
symmetry at the side planes resulting from the neighbouring heater structures. 
For two-dimensional conduction analysis, functions for heat flux at the upper and lower 
surfaces of the silicon substrate are determined from the heat equation and by applying 
appropriate boundary conditions: 
Upper Surface: 









































𝑘𝜆 sinh(𝜆𝑡) − ℎ cos(𝜆𝑡)
)] 
(2-15) 
Using Equations (2-14) and (2-15), the heat flux at both surfaces of the silicon substrate 
can be determined and graphically represented (Section 4.2.6). This analysis will allow 
Figure 2-6: Boundary conditions for an analytical solution of two-dimensional conduction 
through an isotropic material with no heat generation. 
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the appropriate thermal boundary conditions to be determined for heat transfer analysis 
of the microchannel heat exchanger. 







where, ?̅?𝑠𝑜𝑢𝑟𝑐𝑒 is the average temperature of the heater structure and ?̅?𝑠𝑖𝑛𝑘 is the local 
bulk fluid mean temperature. By rearranging Equation (2-16), to isolate ?̅?𝑠𝑜𝑢𝑟𝑐𝑒, the 
temperature of the heat source can be calculated from thermal resistance values (Equation 
(2-17)) for the analysed geometry. 
In this conjugate heat transfer problem, the total thermal resistance (𝑅𝑇𝐻 𝑇𝑜𝑡𝑎𝑙) within the 
silicon substrate is dependent on the resistance to lateral thermal spreading (𝑅𝑇𝐻𝑆) and 
one-dimensional thermal spreading (𝑅𝑇𝐻1𝐷): 
𝑅𝑇𝐻 𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑇𝐻𝑆 + 𝑅𝑇𝐻1𝐷 (2-17) 
Equation (2-17) expresses the thermal resistance as the superposition of the one-
dimensional resistance (as if the heat source was extended over the top surface of the 
substrate, a = c) and the spreading resistance. Reducing the resistance to one-dimensional 
heat spreading will increase the tendency for heat transfer directly to the cooling fluid, 
diminishing heat spreading in lateral directions and, therefore, thermal cross talk between 
neighbouring heaters. Figure 2-7 illustrates the thermal resistances as an electrical 
resistance diagram for heat spreading within the silicon substrate from the heat source 
(heater), similar to Figure 2-2. 
The thermal resistances to radiative heat transfer (𝑅𝑇𝐻𝑅𝑎𝑑) and convective heat transfer 
(𝑅𝑇𝐻𝐶𝑜𝑛𝑣) to the ambient and conductive heat transfer (𝑅𝑇𝐻𝐶𝑜𝑛𝑑) to the chip holder are 
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also shown, however, these values are expected to be high (Section 4.2.3.d) and therefore, 
heat transfer through these mechanisms is expected to be negligible. 
𝑅𝑇𝐻1𝐷 is a summation of the resistances to heat transfer due to conduction through the 










where, t is the substrate thickness, k is the substrate thermal conductivity, A is the area 
available for convective heat transfer, and h is the convective heat transfer coefficient of 
the fluid. The thermal resistance to one-dimensional thermal spreading is dependent on 
the surface area available for convective heat transfer to occur. However, an increase in 
surface area would require an increase in spacing between lasers within a transceiver PIC. 
An increase in the convection heat transfer coefficient would also reduce 𝑅𝑇𝐻1𝐷, 
Figure 2-7: Equivalent electrothermal circuit of the heat transfer paths from the heat source to 
the ambient, chip holder and working fluid. 
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minimising the tendency of heat to spread laterally. For this reason, an increase in 
convective heat transfer coefficient is required to reduce thermal cross talk between 
neighbouring heater structures during experimentation.  
To calculate the resistance to thermal spreading throughout the substrate, the following 










𝑚𝜋 + 𝐵𝑖 tanh(𝑚𝜋𝜏)
𝑚𝜋 tanh(𝑚𝜋𝜏) + 𝐵𝑖
] 
(2-19) 
where, k is the substrate thermal conductivity, the values a, t, c are from the geometry, 












By calculating 𝑅𝑇𝐻1𝐷 and 𝑅𝑇𝐻𝑆, heat spreading within the silicon substrate can be 
analysed and the thermal boundary conditions at the solid-fluid interface can be 
determined. 
2.4.5. Analysis of Experimental Data 
To calculate the experimental local convective heat transfer coefficient and Nusselt 
number, thermal measurements are required. The best estimate for the average 
temperature at the solid-fluid interface, ?̅?𝑤|𝑥, was obtained from recorded thermographs, 
as will be described in Section 3.3.3. 
The fluid temperature rise in the axial direction is linear in systems where the boundary 
conditions can be approximated by a constant wall heat flux [40] which is an appropriate 
assumption in this case, as will be outlined in Section 4.2.6. The local bulk fluid 




= 𝑇𝑚,𝑖 + (
𝑥
𝐿𝑐ℎ
) (𝑇𝑚,𝑜 − 𝑇𝑚,𝑖) 
(2-21) 
where, Tm,i and Tm,o are the mean inlet and outlet fluid temperatures and Lch is the channel 
length. Mass flow rate is considered to be constant, Equation (2-10). 
The local wall and fluid temperatures allow for a best estimate calculation of the local 






where, 𝑞” is the heat flux across the heater structure, calculated by dividing the heater 
power dissipation by the heater surface area. ?̅?𝑤|𝑥 is calculated from thermographs as the 
average temperature at the solid-fluid interface over a distance 235 µm either side of the 
heater of interest, midway to neighbouring heater structures. 






Results of the above experimental analysis are presented in Section 4.2.7 and compared 
to theoretical correlations. 
2.5. Hydraulic Characterisation 
The hydraulic characterisation of the microchannel heat exchanger involved the 
determination of an appropriate friction factor for hydraulically developing and fully 
developed flow, and the calculation of the theoretical pressure drop through the flow 
geometry (Figure 2-1). 
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To determine the differential pressure required to induce internal flow in a system, it is 
conventional to work with the dimensionless parameter, the friction factor (𝑓). From the 
definition of the Reynolds number, Equation (2-2), and mean velocity in a circular duct, 







In fully developed laminar flow in rectangular ducts, the exact expression for friction 
factor was developed from calculations by Marco and Han [63], Purday [64] and Natarjan 
and Lakshman [65]. For use in practical applications, Shah and London [52] suggested 
an empirical equation to approximate the fully developed friction factor: 
𝑓 = 24 ( 1 − 1.3553𝜀 + 1.9467𝜀
2 −
1.7012𝜀3 + 0.9564𝜀4 − 0.2537𝜀5
) 𝑅𝑒√𝐴⁄  
(2-25) 
where, ε is the channel aspect ratio. 
In the hydrodynamic entrance region, which has a non-negligible effect in the flow regime 
under examination (Section 2.3), the apparent friction factor, fapp, is employed to 
incorporate the combined effects of wall shear and the change in flow rate momentum 
due to the developing velocity profile. For the developing region, Muzychka and 
Yovanovich [48] cite Bender [66], who combined the apparent friction factor-Reynolds 
number product (fappRe) for both short and long ducts to provide a model that is valid over 
the entire length of a circular duct, taking into account both developing and fully 
developed flow effects. Shah [67] further refined this model for other duct geometries via 
the use of tabulated coefficients for each geometry for a range of aspect ratios. Muzychka 
and Yovanovich [48] built on the works of Bender, Shah and Yilmaz [68] to propose a 
simpler correlation for fappRe along the entire length of a duct where Reynolds number is 



























The proposed model is noted to predict developing flow data to within ± 10% or better 
[48]. It also provides equal or better accuracy than the more complex model of Yilmaz. 
It has been found to be accurate for most engineering calculations for microchannel and 
mini channel systems where laminar flow prevails [48]. The apparent friction factor value 
is used throughout this thesis for the calculation of theoretical pressure drop through the 
characterised microfluidic test chip (Equations (2-29) and (2-30)). 
In the general case of laminar internal flow, pressure drop can be expressed as the sum of 
two terms, proportional to the first and second powers of velocity [69]: 
∆𝑃 = 𝐶1𝑢 + 𝐶2𝑢
2 (2-28) 
Frictional losses, C1, are associated with straight channel flow (parallel streamlines) and 
inertial losses, C2, are due to bends, contractions and expansions. 
As shown in Figure 2-1, fluid flow within the test configuration occurred through a series 
of rectangular microchannels of various cross-sectional dimensions and a nozzle and 
diffuser type geometry. Table 2-1 shows the equations for calculating theoretical pressure 
drop through a rectangular microchannel, a nozzle and a diffuser. The locations of these 





Table 2-1: Theoretical pressure drop equations and locations. Location values in brackets 
correspond to the annotations in Figure 2-1. 
















































Where, ΔP is the pressure drop through the geometry of interest, ?̇? is the fluid mass flow 
rate, ρ is fluid density, A is cross sectional area, fapp is the apparent friction factor 
(Equation (2-26)), P is channel perimeter, L is length, u is fluid velocity, WDI is the width 
of the diffuser inlet, and WDO is the width of the diffuser outlet. In the case of the nozzle, 
fapp is the apparent friction factor within the rectangular cross section, calculated using 
Equation (2-26), at the midpoint of the nozzle, 𝐿 2⁄ , and √𝐴 is also evaluated at the 
midpoint of the nozzle. The k values are loss coefficients due to the 90° bends and gradual 
and sudden expansions and contractions that are experienced along the flow path, and 
their values and equations are shown in Table 2-2. Pressure drop calculations for each 
section of the microfluidic flow path included the loss coefficients for the bends, 






Table 2-2: Loss coefficients for 90° bends, expansions and contractions along the flow path. 
Location values in brackets correspond to the annotations in Figure 2-1. 
Characteristic Schematic Location k Value 
90° Bend 
 





• Chip Outlet (7) 






• Chip Inlet (1) 
• Exit from 
Diffuser (3) 










• Chip Outlet (7) 
















• Exit Manifold (5) 
 






𝑘 = 0.3547 
[69] 
The loss coefficient (k) for the gradual contraction and expansion are derived from tables 
within the literature for a manifold contraction/expansion angle (α) of 23°. 
The pressure drop calculations associated with each section of the microfluidic test chips 
allowed for comparison of theoretical and experimental pressure drop results (Section 
4.2.1), completing the theoretical hydraulic characterisation of the microchannel heat 
exchanger. In the context of practical applications, theoretical calculations of pressure 
drop allow for an early approximation of pumping costs and potential savings that could 




This chapter introduced the flow geometry utilised during experimentation and the 
calculations used for theoretical and experimental characterisation of the TIPS fabricated 
microfluidic test chip. Dimensionless numbers associated with fluid flow and heat 
transfer analysis were defined. Relations for thermal and hydrodynamic developing 
lengths and friction factor correlations were also presented. Appropriate correlations for 
local Nusselt numbers in thermally developing and simultaneously developing flow are 
presented for uniform heat flux and strip heating thermal boundary conditions. Two-
dimensional conduction analysis was completed to determine appropriate thermal 
boundary conditions at the solid-fluid interface. An equation for the calculation of thermal 
resistance to lateral heat spreading was presented to allow for analysis of potential thermal 
cross talk between neighbouring heater structures. Relations used to determine best 
estimate experimental convective heat transfer and Nusselt number values are presented. 
An appropriate friction factor correlation for flow with a non-negligible hydrodynamic 
entrance length was described. The relations and loss coefficients used to determine the 
theoretical pressure drop across the characterised microfluidic test chip were detailed. 
These allow for a comprehensive understanding of the thermal-hydraulic characteristics 
of the examined microfluidic flow regime. 
The correlations presented in this section are utilised in Section 4 to determine the 
thermal-hydraulic characteristics of the microchannel heat exchanger and its applicability 





In this thesis, an understanding of the thermal-hydraulic characteristics of a rectangular 
microchannel heat exchanger was required in order to progress the development of an 
integrated transceiver PIC with microfluidic cooling. In this chapter, the experimentation 
carried out to thermally characterise an active III/V laser device and to thermally and 
hydraulically characterise a microchannel heat exchanger is outlined. The active III/V 
laser device was analysed to gain an understanding of the thermal conditions experienced 
by a contemporary functional device within a transceiver PIC. These thermal results were 
used to determine a baseline power to be dissipated across heater structures for the 
thermal-hydraulic characterisation of the rectangular microchannel heat exchanger 
geometry. 
In the following sections, the thermal characterisation of the active III/V laser device and 
the thermal-hydraulic characterisation of the microchannel heat exchanger are detailed. 
The laser device is introduced, and the testing apparatus and procedure are outlined. 
Thermal-hydraulic characterisation of the microchannel heat exchanger is then presented. 
The fabricated microfluidic test chips with integrated microchannels and heater structures 
are detailed, with the utilised apparatus and procedure then described. This chapter also 
details the data analysis procedure, including data recording, steps taken to determine 
appropriate emissivity-calibration polynomials and analysis of the thermal and hydraulic 
data. The calibration process for thermal, pressure and flow sensors, and their associated 
uncertainties, as well as the uncertainties for derived terms, are also presented. 
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3.1. Active III/V Laser Characterisation 
To obtain a thermal baseline for the thermal-hydraulic characterisation of the 
microchannel heat exchanger, the temperature-power relationship of an active III/V laser 
device was analysed. This section introduces the active III/V laser device, outlines the 
experimental set-up, and details the thermal characterisation procedure. The steps taken 
to record thermographs to obtain effective emissivity-calibration polynomials are 
described. The experimental procedure for temporal testing, completed at a range of 
powers, to determine the transient thermal response of the active III/V laser device, and 
to investigate the off-on-off temperature response of the device, is presented. Finally, the 
characterisation procedure to determine the temperature-power relationship of the active 
laser device is outlined. 
3.1.1. Laser Device 
The active III/V laser, characterised in this work, was a hetero-junction InP laser 
consisting of a p-InGaAs contact layer, a p-InP cladding layer, typically six InGaAsP 
quantum wells surrounded by two InGaAsP separate confinement heterostructure layers, 
and an n-InP layer [20]. The III/V laser device was manufactured by III/V Labs, France, 
as part of the TIPS consortium. The laser device consisted of an array of eight gold-coated 
InP laser structures (Figure 3-1 (a)), each with dimensions ~600 µm x 100 µm (Figure 
3-1 (c)), spaced ~360 µm apart. Laser structure dimensions were measured from Scanning 
Electron Microscope (SEM) images with an integrated scale bar, recorded using a Hitachi 
TM-1000 Tabletop Microscope. Using the MATLAB distance tool, the number of pixels 
along a known distance (the scale bar) were used to calculate the dimensions of the laser 
surface. The active region, or multi-quantum well (MQW), was ~2 µm wide (Figure 3-1 
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(d)). Each laser had individual n- and p-contacts covered by a layer of gold < 1 µm thick 
and an area of silicon separated neighbouring lasers (Figure 3-1 (b)). The n- and p-
contacts (Figure 3-1 (b)) facilitated probe positioning to supply power to individual III/V 
laser structures. The outer region of the laser device was gold (Figure 3-1 (a)). Light was 
emitted from the laser, in the Infrared Radiation (IR) spectrum, at 1550 nm. The elemental 
composition of the laser device was analysed using a Bruker XFlash MIN SVE Energy 
Dispersive X-Ray (EDX) Analyser, connected to the TableTop SEM. 
A cross-section of the III/V laser, Figure 3-2, was obtained by grinding and polishing the 
laser device, mounted in Buehler EpoxiCure Resin. The laser cross-section (Figure 3-2 
Figure 3-1: Layout and materials of the laser device used for thermal baseline testing: (a) laser 
device containing eight gold-coated lasers on the right-hand side of the device; (b) 100X 
magnified SEM image of the lasers and their contacts. The laser surface and contact surfaces are 
gold with silicon separating neighbouring lasers; (c) 300X magnification SEM image of an 
individual gold-coated laser with active region (d) visible (10,000X magnification). 
n and p contacts 
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(a)) shows a configuration matching the InP laser schematic presented in [20] (Figure 3-2 
(b)). The gold cap, 2.8 – 3.2 µm thick, of the III/V laser is visible, as are the p-InP and 
MQW regions. Benzocyclobutene (BCB) [76] encapsulates the active region [20]. The n-
InP layer is below the MQW. A silicon substrate and a buried oxide (BOX) layer exist 
under the laser structure, which were positioned on an aluminium submount. 
An in-depth understanding of the characterised laser device allowed for a greater 
understanding of the thermal phenomena measured during thermal characterisation of the 
active III/V laser device. 
3.1.2. Apparatus 
Figure 3-3 shows a schematic and image of the testing apparatus used to thermally 
characterise the active III/V laser device. Thermal analysis was completed using an IR 
camera with microscope lens attached (Figure 3-3 (a)) that was mounted above the device, 
secured to a Standa 029018 linear stage, controlling movement along the Z-axis. For 
testing and calibration, the laser device (b) was placed on an Adaptive, 20 mm x 20 mm 
macroTEC (d), Peltier Module, Part Number ET-071-10-13-RS, with a calibrated K-type 
thermocouple (e), attached in close proximity to the laser device, to record device 
Figure 3-2: SEM image (a) and schematic [20] (b) of the cross-section of the III/V laser structure, 











temperature during the emissivity-calibration procedure. The calibrated thermocouple 
was connected to a National Instruments (NI) 9211 Temperature Input Module for data 
recording, further discussed in Section 3.3.1. 
To supply power during testing, two gold probes (c) were connected to the laser n- and 
p-contacts. Power dissipation was current limited using a TTi QL355TP power supply, 
calibrated using a FLUKE 179 True RMS Multimeter. The macroTEC and laser device 
were mounted on Standa 026409 and 034832 linear stages, controlling motion along the 
X- and Y-axes to allow for easy positional adjustment of the laser device relative to the 
IR camera. To minimise vibration effects, the apparatus was supported by Thor Labs, 
Figure 3-3: Schematic of the experimental set-up for the thermal characterisation of the active 
III/V laser. Inset shows an image of the experimental set-up; IR camera with microscope lens 
(a) was mounted above the laser device (b) with probes (c) attached for supply of power. The 
laser device sat on a macroTEC (d), with attached thermocouple (e) for thermal control and on 








AV4 Sorbothane vibration absorbing feet to dampen vibration effects. The calibration of 
all measurement equipment is further discussed in Section 3.4, and calibration certificates 
for calibrated measurement equipment are presented in Appendix A. 
The IR camera, a FLIR ThermaCAM mid series, operated in the 3 – 5 µm waveband and 
contained an indium antimonide detector with a nominal thermal sensitivity of ~0.018°C. 
The camera was capable of measuring a temperature range of 0°C to 350°C [77] and had 
a maximum frame rate of 50 Hz. A Janos Technology Asio 4X microscope lens, part 
number 40471-045, was fitted to the camera to facilitate imaging of microscale structures. 
Thermographs were recorded using Flir ThermaCAM software. The IR camera was 
focused on the top plane of the laser surface (top of the gold coating) for calibration and 
testing. To ensure that calibrated IR temperature measurements were obtained for all tests, 
extensive emissivity-calibration steps were taken due to the different material emissivities 
on the device surface (Section 3.3.2). 
The experimental set-up shown in Figure 3-3 facilitated thermal testing of numerous 
individual lasers and power dissipation levels without interference with the laser device. 
3.1.3. Procedure 
This section outlines the testing procedure undertaken to determine the thermal 
characteristics of the active III/V laser. To obtain calibrated temperature measurements, 
thermographs of the unpowered laser were recorded and compared to thermocouple 
readings for the generation of emissivity-calibration polynomials (Section 3.3.2). This 
facilitated the calibration of the recorded thermographs for the powered laser; the 
associated experimental procedure is outlined in this section. The temporal testing 
procedure, completed to understand the transient behaviour of the III/V laser for a range 
of powers, is also detailed. Transient results showed that the III/V laser thermally reacted 
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to a power step change too rapidly for the IR camera to capture sufficiently, however, 
these results were used to determine the overall thermal settling time required to reach 
steady-state conditions for thermal characterisation testing. The steps taken to examine 
the temperature-power relationship for the III/V laser device are presented for the 
determination of a thermal baseline in thermal-hydraulic characterisation of the 
microchannel heat exchanger. 
a. Emissivity-Calibration Thermographs 
Thermograph emissivity-calibration steps were taken into account due to the various 
metallic materials on the surface of the III/V laser device. To determine appropriate 
calibration equations, thermographs of the unpowered laser device were captured at a 
range of known temperatures, controlled by the macroTEC and recorded by the attached 
thermocouple. The macroTEC temperature was increased in steps of ~10°C, from ~20 – 
70°C, with a series of ~100 thermographs recorded at each temperature step, at a 
frequency of ~22 Hz. The series of ~100 thermographs was time-averaged to produce a 
single, improved resolution thermograph at each calibration temperature step. The 
temperature recorded by the thermocouple was compared to the value of each pixel in the 
recorded thermographs. An emissivity-calibration curve was generated for each pixel 
across the range of examined temperatures, further discussed in Section 3.3.2. The 
emissivity-calibration process was completed individually for each characterisation test 
completed, to ensure that any movement of the device relative to the IR camera between 
tests did not affect the calibration. 
b. Temporal Testing 
Temporal testing of the active III/V laser device was completed by passing currents, 
ranging from 0 – 250 mA, through the laser of interest, using the calibrated power supply. 
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Temporal tests were carried out over a ~3 minute time period. In order to capture the off-
on-off thermal behaviour, no current flowed through the III/V laser device for the first 10 
seconds and last 20 seconds of each temporal test. The time-varying temperature changes 
of the gold-coated III/V laser surface, the area highlighted in Figure 3-4, were measured. 
To achieve this, thermographs were recorded at a frequency of ~22 Hz for the duration of 
the test. Approximately 4,000 thermographs were recorded during each ~3 minute test. 
All thermographs were emissivity-calibrated and thermally analysed (procedure 
discussed in Section 3.3). This determined a time varying, area-averaged temperature 
across the laser surface. 
Temporal testing results, presented in Section 4.1.2, revealed that the thermal response 
time of the III/V laser was too rapid for the IR camera to capture at a high resolution. 
Therefore, thermal characterisation measurements of the III/V laser surface were 
recorded at steady-state conditions. 
Figure 3-4: Uncalibrated thermograph of the laser device, highlighting the III/V laser surface. 
The colourbar indicates arbitrary uncalibrated temperature units. 
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c. Thermal Characterisation 
To thermally characterise the active III/V laser device and to determine a baseline power 
for microfluidic heat exchanger testing, Section 3.2, currents of 0 – 230 mA, in steps ≤ 
50 mA, were passed through the laser device to generate powers (0 – 375 mW) similar to 
those experienced in a transceiver PIC laser array (~100 mW [6]). The macroTEC was 
held at 23°C to remain close to room temperature conditions throughout testing. A series 
of 400 thermographs was recorded at ~22 Hz at each power step once steady-state 
conditions were reached, ~3 minutes after power to the laser device was turned on. 
Thermocouple measurements were recorded in parallel (Section 3.3.1). To improve 
thermograph resolution, the 400 steady-state thermographs recorded at each power value 
were time-averaged to produce a single, improved resolution test thermograph. The test 
thermographs were emissivity-calibrated, and the area-averaged laser surface temperature 
was recorded, as is described in Section 3.3. 
The III/V laser surface temperature was measured across a range of powers (0 – 375 mW), 
to achieve an understanding of the temperature-power relationship of the active III/V laser 
device. Repeatability tests were carried out on a single III/V laser, and laser-to-laser 
variation tests were performed on a sample of two similar laser devices. To analyse the 
effect of heat spreading, the temperature variation across the laser surface in the X- and 
Y-directions was also analysed. Thermal characterisation results, presented in Section 
4.1.3, were used to produce a baseline for the power dissipation and temperature increase 
required in the thermal-hydraulic characterisation of the microchannel heat exchanger. 
3.2. Microchannel Heat Exchanger Characterisation 
The active III/V laser device temperature-power relationship, recorded as per Section 3.1 
above, was used as a baseline for the thermal-hydraulic analysis of the microchannel heat 
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exchanger to assess its viability as a potential thermal management solution for next 
generation transceiver PICs. 
Fabricated within the TIPS consortium, a microfluidic test chip, with integrated 
microchannels and heater structures, was connected to fluidic and electronic circuits, by 
a TIPS fabricated chip holder, for control and measurement of fluid flow parameters and 
heating conditions respectively. IR thermography was used as the thermal measurement 
technique, in conjunction with a flow meter, manometry and thermal sensors to record 
fluid flow parameters. In order to isolate the experimental pressure drop associated with 
the microfluidic test chip, the pressure drop contributed by the chip holder and associated 
tubing was experimentally determined. 
This section introduces the characterised microfluidic test chip and the experimental 
apparatus, including the fluidic and electronic circuits. The experimental procedure to 
obtain calibration thermographs and to measure thermal and fluidic characteristics is also 
detailed. 
3.2.1. Microfluidic Test Chip 
Two replica microfluidic test chips, test chip A and test chip B (Figure 3-5), were 
designed and fabricated by LioniX, the Netherlands, within the TIPS consortium, to 
determine the viability of a rectangular microchannel heat exchanger for use in next 
generation transceiver PICs. The test chips featured integrated microfluidic channels and 
heating elements. Water, the working fluid, passed through the microchannel, in close 
proximity to the heater structures, allowing the cooling effects of the microchannel heat 
exchanger to be determined. The microfluidic test chips were ~1 mm thick, ~11 mm wide 
and ~18 mm in length. A microscale flow path was etched in a silicon wafer (~500 µm 
thick) and an anodically-bonded glass slide was used to seal the fluid path. On the 
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underside of the silicon substrate, 10 chromium (Cr) heaters, ~30 µm x 700 µm x 150 nm, 
and gold-chromium (AuCr) connecting traces (~300 µm wide) were deposited with eight 
of the heater structures crossing the microchannel heat exchanger, perpendicular to the 
flow direction. 
Figure 3-5 (a) shows the fabricated test chip with connecting traces and heaters deposited 
on the silicon substrate. Figure 3-5 (b) reveals the microfluidic flow path etched in the 
silicon substrate and sealed by the glass slide. Figure 3-5 (c) illustrates the Caltech 
Intermediate Format (.cif) file of the designed test chip with integrated heater structures 
and microfluidic flow path. The flow path depth was ~250 µm, with a silicon substrate, 
~250 µm thick, separating the heaters and the cooling fluid. The fluidic path traversed 
Figure 3-5: Images of the microfabricated test chips, (a) showing the heater and connecting 
traces and (b) showing the microfluidic flow path. A schematic of the designed chips (c), shows 
fluid path (blue) etched in silicon, with chip inlet (1), entrance microchannel (2), entrance 
manifold (3), microchannel heat exchanger (4), exit manifold (5), exit microchannel (6) and chip 
outlet (7). Integrated heaters (black) cross the fluid path perpendicular to flow direction. 
Microfluidic test chip dimensions are 18 mm x 11 mm x 1 mm. Flow direction through the 

















seven separate flow geometries, similar to Figure 2-1; chip inlet (1), entrance 
microchannel (2), entrance manifold (3), microchannel heat exchanger (4), exit manifold 
(5), exit microchannel (6) and chip outlet (7). The microchannel heat exchanger was 
designed to be 500 µm x 250 µm x 4,800 µm. 
To determine the fabrication accuracy of the microfluidic flow path geometry, dimensions 
were measured using an Imaging Source DFK31AU03 camera, the MATLAB distance 
tool, similar to Section 3.1.1, and an OLYMPUS objective micrometer with 0.02 mm 
intervals as a reference. In Table 3-1, the flow path dimensions for both test chips are 
presented as an average of three readings, which had a maximum standard deviation of 
2.5%. The nominal dimensions of the microfluidic flow path are also shown. Dimensions 
of test chip A and test chip B vary from the nominal dimensions by ~5%, with the 
variation increasing to ~16% for the length of the exit microchannels. These variations 
are due to manufacturing limitations. The values presented in Table 3-1 were used in the 
theoretical pressure drop calculations which are presented and discussed in Section 4.2.1. 
Figure 3-6 shows a SEM image, captured using a Hitachi TM-1000 Tabletop Microscope, 
of the microchannel height (~250 µm) of test chip B. The microchannel walls do not stand 
at 90°, but at angles of ~93° and ~91°. Moreover, the top of the microchannel is shown 
to be curved, highlighting the difficulties associated with microchannel fabrication. 
Pressure drop is strongly dependent on geometry, ∆𝑃 ∝ 𝐷ℎ
−4 (Equation (2-29)), hence, 
small discrepancies in microchannel geometry (Table 3-1) result in large discrepancies in 
theoretical pressure drop values calculated for both microfluidic test chips (Section 4.2.1). 
They can also affect Nusselt number results as highlighted throughout the literature 




Table 3-1: Microfluidic flow path dimensions for test chips A and B and the nominal dimensions. 
All dimensions in µm. 
 Nominal Test Chip A Test Chip B 
Microchannel Height 250 264 247 
Chip Inlet Diameter 400 408 403 
Entrance Microchannel 
Length 6,300 6,451 6,267 
Width 800 807 783 
Entrance Manifold 
Length 2,700 2,703 2,677 
Entrance Width 800 792 786 
Exit Width 2,000 2,002 1,986 
Microchannel Heat 
Exchanger 
Length 4,800 4,873 5,271 
Width 500 484 477 
√𝑨 353 358 343 
Exit Manifold 
Length 2,700 2,717 2,695 
Entrance Width 2,000 1,995 1,996 
Exit Width 800 789 785 
Midpoint Width 1,850 1,856 1,815 
Exit Microchannel 
Length 21,100 24,674 24,640 
Width 800 794 787 
Chip Outlet Diameter 400 414 402 
 
Figure 3-6: SEM image of the cross-section of a microchannel, showing microchannel height 
of test chip B. 
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The Cr heaters – eight crossing the microchannel heat exchanger and two crossing the 
manifolds – were deposited perpendicular to the direction of flow, as shown in Figure 
3-5, on the underside of the silicon substrate; 250 µm from the working fluid. Each heater 
was connected to an individual AuCr connector on the side of the microfluidic test chip 
by AuCr traces. A common AuCr connector to all heaters was also located on the side of 
the test chip. The heaters crossing the microchannel heat exchanger were designed to be 
30 µm wide, 700 µm long, 150 nm high and spaced 470 µm apart, simulating the 
positioning of III/V lasers within a transceiver PIC laser array [7]. For ease of 
experimentation, heaters crossing the microchannel heat exchanger were numbered 1 to 
8, in the direction of flow (left to right in Figure 3-5). 
SEM images of the heater structures, with an integrated scale bar, were captured and 
heater dimensions were measured, using the MATLAB distance tool (presented in Table 
3-2). Heater dimensions were used for the calculation of heater surface heat flux. Figure 
3-7 shows SEM images at magnifications of 200X and 6,000X. Figure 3-7 (a) shows the 
heater height and Figure 3-7 (b) zooms in to obtain a higher resolution image to measure 
heater width. 
The measured heater widths for test chip A and test chip B, presented in Table 3-2, are 
seen to be in close agreement with nominal width values, within 1 µm. However, the 
Figure 3-7: SEM images of the heater height (a) and width (b). Using the scale bar as a reference, 






heater lengths for test chip A and test chip B are seen to differ from each other by < 6% 
and from nominal values by ~1.5% and ~6% respectively. Variations in heater 
dimensions will contribute to variations in heater resistances, which are presented in 
Table 3-3. 
Table 3-2: Nominal and measured heater dimensions for heaters 1 – 8. All dimensions in µm. 
 
Nominal Chip A Chip B 
Length Width Length Width Length Width 
Heater 1 700 30 706 30 679 30 
Heater 2 700 30 706 29 678 30 
Heater 3 700 30 706 29 675 29 
Heater 4 700 30 707 29 670 29 
Heater 5 700 30 707 29 673 29 
Heater 6 700 30 708 29 675 29 
Heater 7 700 30 707 29 672 29 
Heater 8 700 30 709 29 668 29 
Figure 3-8 shows a cross-section of a heater structure generated using a ThermoFisher 
Scientific Helios G4 CX DualBeam microscope, using the Focused Ion Beam (FIB) 
technique. Heater thickness was measured using the scale bar as a reference and the 
MATLAB distance tool. The image is at 45° to the microscope, showing the heater 
thickness to be ~165 nm, 10% greater than the nominal heater thickness of 150 nm. 
The resistance of each heater was measured, values presented in Table 3-3, using a 
calibrated FLUKE 179 True RMS Multimeter (calibration certificate shown in Appendix 
A). Probes were positioned on the connecting traces as close as possible to either side of 
the heater structure of interest. The total resistance from connector-to-connector for each 
heater was also measured. The proportion of the total connector-to-connector resistance 
contributed by the heater structure, also shown in Table 3-3, facilitated the calculation of 
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the proportion of the total power that was dissipated across the test chip for use in the 
evaluation of heat flux generated by each heater structure. 
 
Table 3-3: Heater resistance values and the percentage of the total connector-to-connector 
resistance contributed by the heater structure for heaters 1 – 8. 
 









Heater 1 184.18 74.1 184.70 73.2 
Heater 2 184.75 72.6 179.28 70.8 
Heater 3 183.67 70.7 179.47 69.0 
Heater 4 184.78 81.9 179.02 80.4 
Heater 5 185.48 83.2 179.31 81.8 
Heater 6 184.77 84.8 179.66 83.4 
Heater 7 185.22 85.9 181.49 84.6 
Heater 8 185.61 86.5 183.05 85.7 
The variation in heater length between microfluidic test chips A and B, Table 3-2, 
contributes to the variations in heater resistances seen in Table 3-3. It is evident that a 
large proportion (14 – 31%) of the total connector-to-connector resistance is contributed 
by the connecting traces. This proportion results in non-negligible power dissipation 
across the connecting traces and potential for self-heating. The variations in the 
Heater Cross-Section 
Figure 3-8: Focused Ion Beam (FIB) generated cross-section of a heater structure. 
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percentage of the total resistance contributed by the heater structures are due to heater 
position and the length of the connecting traces. Figure 3-5 shows that the connecting 
traces to heaters 1 – 3 are longer than the traces to heaters 4 – 8; consequently, a lower 
percentage of the total resistance is contributed by heaters 1 to 3 in Table 3-3. As the 
connecting traces get shorter (heaters 4 – 8), the percentage contribution of the heater to 
the total resistance increases. Inconsistencies in heater dimensions, resistances and the 
percentage contribution to the total connector-to-connector resistance results in variations 
in power dissipation across the heater structures between microfluidic test chips A and B. 
Implications of this finding are reported in Sections 4.2.3 and 4.2.5. 
3.2.2. Apparatus 
The experimental apparatus for microchannel heat exchanger characterisation was similar 
to that used for the characterisation of the active III/V laser device (Section 3.1.2). 
Thermal measurements were recorded for the microfluidic test chip, positioned on the X-
Y stage, by the IR camera, on the Z-axis stage. The test chip was connected to a fluidic 
and an electronic circuit for control and measurement of flow parameters and heating 
conditions. 
a. Experimental Set-up 
Figure 3-9 shows a schematic and image of the testing apparatus used to thermally and 
hydraulically characterise the microchannel heat exchanger geometry. The FLIR 
ThermaCAM IR camera (Section 3.1.2) was used to measure the heater surface 
temperature as a function of fluid flow rate. In the areas between the heater structures, it 
is thought that the IR camera (wavelength 3 – 5 µm) recorded the temperature of the fluid 
at the solid-fluid interface, as silicon appears transparent at wavelengths > 1,100 nm [78] 
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due to its low absorption coefficient (~1 /cm [79]). However, this plane is slightly out of 
focus in the thermographs and uncertainty surrounds the material that is being recorded 
in the thermograph; the fluid, the silicon substrate, or a mixture of both. The thermal 
measurements of the space between the heaters are used in calculations of the convective 
heat transfer coefficient (?̅?𝑤|𝑥 in Equation (2-22)). 
The camera, with microscope lens, shown in Figure 3-9 (a), was mounted on a Standa 
029018 linear stage, controlling movement along the Z-axis. The IR camera was 
positioned directly above the microfluidic test chip, held in a TIPS designed chip holder, 
Figure 3-9 (b), consisting of a lid and a base (Figure 3-10), fabricated by LioniX. The 
chip holder facilitated connection to a larger-scale fluidic circuit (e) for control and 
measurement of fluid flow parameters and an electronic circuit (d) for control and 
recording of power dissipation through each heater structure. 
In order to minimise heat transfer from the microfluidic test chip holder to ambient, steps 
were taken to thermally insulate the chip holder. The chip holder was mounted in an 
acrylic fixture (c) to ensure consistent placement of the test chip below the IR camera. A 
layer of aluminium foil (~20 µm thick) was sandwiched between the acrylic fixture and 
an acrylic insulation layer with grooves for air insulation. A second aluminium foil layer 
was sandwiched between the acrylic insulation layer and the breadboard below. The 
breadboard was secured to Standa 026409 and 034832 linear stages, controlling motion 
along the X- and Y-axes, for ease of movement of the microfluidic test chip relative to 
the IR camera. To minimise vibration effects, the apparatus was supported by Thor Labs 




The aluminium foil layers were introduced to minimise radiative heat transfer between 
the large heat capacity breadboard and the microfluidic test chip, due to a slow thermal 
time constant being observed. During initial testing, after steady-state conditions had been 
reached (~3 minutes), it was noticed that the original aluminium chip holder base 
temperature continually increased and fluctuated with changes in flow rate. The 
introduction of a polycarbonate chip holder base, the aluminium foil and acrylic 
Figure 3-9: Schematic of the experimental set-up including IR camera, chip holder, insulation 
layers and X-Y stage. Inset shows an image of the experimental set-up; (a) IR camera microscope 
lens; (b) chip holder lid and base containing the test chip; (c) insulation layers including acrylic 
fixture and acrylic insulation layer and aluminium foil layers; (d) connection from the test chip 
to the electronic circuit and (e) connection to fluidic circuit. 
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insulation layers, as well as an increase in the settling time prior to data recording (~2 
hours), improved the thermal stability of the test chip during testing. 
The TIPS designed and manufactured chip holder (Figure 3-10) consisted of a PEEK lid 
and a polycarbonate base. The chip holder enabled connection of the test chip to larger-
scale fluidic and electronic circuits. Figure 3-10 (a) shows the chip holder fully assembled 
and (b) shows the lid and base separated to view the fluidic and electronic connections. 
The chip holder lid (1) contained inlet and outlet fluidic ports (2) which sat over the 
(a) 
(b) 
Figure 3-10: The TIPS designed chip holder consisted of a PEEK lid (1) and polycarbonate base 
(7) to house the microfluidic test chip (6). Fluid ports (2) allowed for a connection of the 
microchannel heat exchanger to a larger fluidic circuit with o-rings (3) forming a seal with the 
test chip. A viewing port (4) allowed for imaging of the heater structures while a connection to a 

















microfluidic test chip inlet and outlet with o-rings (3) creating a seal with the test chip. A 
viewing port (4) through the chip holder lid and base allowed for imaging of the heater 
structures and the microfluidic heat exchanger geometry. Electronic connectors (5) 
facilitated the connection of an external electronic circuit to the AuCr connectors on the 
side of the microfluidic test chip (6). The chip holder base (7) contained a groove to 
accommodate the microfluidic test chip and screw holes for connection with the chip 
holder lid. 
Connecting the microfluidic test chip to larger-scale fluidic and electronic circuits 
allowed for the control and measurement of thermal and hydraulic parameters. 
b. Fluidic Circuit 
The fluidic circuit (Figure 3-11) facilitated the control and measurement of fluid flow rate 
as well as measurements of the working fluid temperature and the differential pressure 
across the chip holder. Fluid, which was thermally controlled, was pumped through a 
filter and into the test chip. A pressure transducer, flow meter and thermocouples recorded 
fluid flow parameters. 
• A Lauda Ecoline RE 104 thermal bath was used to control fluid temperature. 
• Water, the working fluid, was drawn from the thermal bath through polyester 
polyurethane tubing to a Tuthill Digital Variable Flow gear pump (model number 
V2DC00S00000) which controlled the fluid flow rate. 
• The fluid flowed through copper tubing submerged in the Lauda thermal bath to 
minimise any variation in fluid temperature resulting from the workings of the 
gear pump. 
• Fluid then passed through a Swagelok stainless steel filter (model SS-4FW4-15) 
with 15 µm pore size to remove any particles in the flow which may have blocked 
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the microfluidic flow path. The filter was submerged in the Lauda thermal bath to 
ensure that no thermal variations of the working fluid occurred within the filter. 
 
• Fluid flowed past the inlet port of a calibrated Omega PXM409 series wet/wet 
differential pressure transducer (model number PXM409-3.5BDWU10V, 
calibration certificate in Appendix A). The pressure transducer was connected to 
Figure 3-11: Image and schematic of the fluid flow loop from the Lauda thermal bath, through a 
filter and the microfluidic test chip and returning to the Lauda thermal bath. 
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a NI SCB-68 I/O Connector Block DAQ device and data was recorded, as 
described in Section 3.3.1. 
• A calibrated 0.3 mm K-type PFA insulated twin pair thermocouple, connected to 
a NI 9211 Thermocouple Input Module, recorded the inlet temperature as close to 
the chip inlet as possible – the calibration procedure for all thermocouples is 
outlined in Section 3.4. 
• Fluid entered the inlet port of the chip holder, flowed into the microfluidic test 
chip and through the microchannel heat exchanger geometry.  
• Flow exited the test chip and returned to the larger-scale fluidic circuit through 
the outlet port of the chip holder. 
• The working fluid passed an outlet thermocouple, also connected to the NI 9211 
Thermocouple Input Module, and the outlet port of the pressure transducer. 
• Fluid then entered a calibrated Bronkhorst Liqui-Flow Series L30 digital mass 
flow meter (model number SNM145286A/s) and returned to the Lauda thermal 
bath. The flow meter was also connected to the NI SCB-68 DAQ device, similar 
to the pressure transducer for data recording. The calibration procedure the flow 
meter is outlined in Section 3.4. 
The instrumentation used in the fluidic circuit ensured accurate control and measurement 
of the flow parameters required to complete a hydraulic analysis of the microchannel heat 
exchanger geometry. To control the thermal conditions, an electronic circuit was designed 
within this research. 
c. Electronic Circuit 
An electronic circuit was utilised to achieve accurate control of the voltage supply to each 
heater individually. A NI SCB-68 I/O Connector Block DAQ device, capable of 
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outputting ± 10 V, was used. The output voltage from the DAQ device was controlled 
and measured by a designed LabVIEW VI (Virtual Instrument), as is discussed in Section 
3.3.1. To ensure that sufficient power was supplied to each heater, an electronic circuit 
with a high voltage (output ± 30 V), high current (500 mA continuous) operational 
amplifier (op amp), OPA547, was used. To dissipate ~2 W across a heater structure, ~20 
V output was required from the electronic circuit. The electronic circuit, shown in Figure 
3-12, consisted of the SCB-68 DAQ device which supplied a voltage to the input (Vin+) 
connection of the op amp, controlled within the LabVIEW VI. The positive and negative 
supply voltage connectors (V+, V-) were connected to power supplies of +25 V and -25 
V respectively. The current limit connector (ILIM) was also connected to the -25 V power 
supply. Resistors of 91 kΩ and 10 kΩ were used to obtain a gain of ~10, as per Equation 




+ 1 = 𝐺𝑎𝑖𝑛 
(3-1) 
 
Figure 3-12: Electronic circuit used to supply ~20 V to the heater structures consisting of a DAQ 
card to control the op amp input voltage and resistors to achieve a gain of ~10. 
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A separate electronic circuit was constructed for each heater crossing the microchannel 
heat exchanger, resulting in eight individual electronic circuits. An individual circuit for 
each heater permitted the accurate control of power dissipation, for single or multiple 
heaters as required. 
The connection of both the fluidic and electronic circuits to the test chip via the chip 
holder simplified the process of testing multiple test chips and ensured repeatability of 
data. 
3.2.3. Procedure 
In order to complete the thermal-hydraulic characterisation of the microfluidic test chips, 
heaters were powered to 300 mW, to mimic a transceiver PIC laser array, and 2 W, to 
obtain higher heater surface thermal readings for improved resolution thermographs and 
enhanced thermal results, further discussed in Section 4.2.3. Fluid was pumped through 
the microchannel heat exchanger at a range of flow rates from 2 – 20 ml/min, within the 
capabilities of the TIPS designed micropump discussed in Section 1.2, to examine the 
effect on heater temperature. This section details the procedure for the recording of 
thermographs of the unpowered microfluidic test chip at known temperatures for the 
emissivity-calibration process (Section 3.3.2). The thermal-hydraulic characterisation 
procedure is then outlined, and the pressure drop associated with the chip holder and 
connecting tubing was also experimentally determined to isolate the experimental 
pressure drop due to the microfluidic test chip, for comparison with theoretical results. 
a. Emissivity-Calibration Thermographs 
To ensure that calibrated temperature values were obtained from all thermographs, 
emissivity-calibration steps were taken to accommodate the various material emissivities 
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on the test chip surface, similar to Section 3.1.3.a. The fluid temperature was regulated 
by the Lauda thermal bath to control the unpowered microfluidic test chip temperature. 
Fluid was pumped through the microfluidic test chip at ~20 ml/min and fluid temperature 
was measured using the calibrated inlet and outlet thermocouples. Fluid temperature was 
raised in steps of ~5°C, and 100 calibration thermographs were recorded at each 
temperature step when steady-state conditions were reached. The calibration procedure 
was completed for a range of temperatures from ~25 – 80°C. For each temperature step, 
the 100 recorded calibration thermographs were time-averaged to generate a single, 
improved resolution thermograph for use in the emissivity-calibration process. 
From the known test chip temperature (thermocouple readings) and the IR measured 
values (thermographs), an appropriate emissivity-calibration polynomial for each pixel in 
a thermograph was generated, Section 3.3.2. As in Section 3.1, the calibration process 
was completed for every test to ensure that any movement of the test chip relative to the 
IR camera did not affect results. 
b. Thermal-Hydraulic Characterisation 
The thermal-hydraulic characterisation of the microchannel heat exchanger was carried 
out under steady-state conditions. Throughout testing, the fluid in the Lauda thermal bath 
was held at 25°C ± 1°C. To ensure that thermal equilibrium conditions were reached, the 
heater(s) of interest were powered for approximately two hours prior to data recording. 
This settling time was selected because results from initial testing showed that there were 
thermal differences between a heater’s temperature at the start and end of a test, with each 
test lasting ~1 hour. By increasing the thermal settling time to ~2 hours, thermal 
equilibrium was reached prior to thermal-hydraulic data being recorded. Fluid flow 




Following the settling period, 100 thermographs were recorded at ~22 Hz and, 
simultaneously, flow parameters (specifically flow rate, temperature and pressure 
difference) were recorded. Flow was then decreased from ~20 ml/min to ~18 ml/min and, 
once steady-state flow conditions (flow variation < 0.1 ml/min) were reached (~5 
minutes), a series of 100 thermographs and the flow parameters were recorded. Fluid flow 
rate was then reduced in steps of ~2 ml/min to ~2 ml/min, and data was again recorded at 
each flow rate interval. Flow rate was then increased in steps of ~2 ml/min to ~20 ml/min 
and data was recorded at each flow rate step to obtain thermal-hydraulic results for 
increasing and decreasing flow rates within the range 2 – 20 ml/min. Throughout testing, 
the heater(s) of interest remained powered, to ensure consistent thermal boundary 
conditions. 
Testing across a wide range of flow rates facilitated a detailed analysis of the thermal 
effects of the microchannel heat exchanger on single and multiple powered heater 
structures. 
c. Experimental Chip Holder Pressure Drop 
To facilitate the comparison between theoretical (Section 2.5) and experimental 
microfluidic test chip pressure drop values, the pressure drop due to the chip holder and 
the tubing connecting the chip holder to the pressure transducer was experimentally 
recorded, for flow rates of 2 – 20 ml/min. The recorded pressure drop data measured the 
pressure penalties due to the chip holder lid and the connecting tubing relative to 
atmospheric pressure. 
The experimental procedure was completed as follows: 
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• The chip holder lid was unscrewed and removed from the base (Figure 3-10 (b)) 
to allow water flowing into the chip holder lid fluid ports to exit to atmosphere, 
where it would normally have flowed into the microfluidic test chip. 
• To ensure similar conditions to testing, the chip holder lid was submerged in an 
overflowing reservoir of water, imposing constant head height and pressure 
conditions. 
• The fluidic circuit was reconfigured, as shown in Figure 3-13, for fluid to flow 
from the Lauda bath, through the gear pump, and into the flow meter. Fluid flowed 
through the copper coil and filter, submerged in the Lauda bath, to negate any 
fluid temperature changes resulting from the working of the gear pump. Fluid then 
flowed past the inlet port of the pressure transducer, the inlet thermocouple and 
into the inlet port of the chip holder, where it exited into the water reservoir. 
 
• The outlet port of the pressure transducer was opened to atmospheric pressure 
throughout testing. 
Figure 3-13: Schematic of the experimental set-up for measuring the pressure drop across the 
chip holder inlet and outlet and connecting tubing. 
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• Fluid was infused through the inlet of the chip holder lid at flow rates ranging 
from ~2 – 20 ml/min, in steps of ~2 ml/min, similar to testing. At each flow rate 
interval, fluid flow rate, fluid temperature and pressure drop values were recorded. 
• The fluidic circuit was then connected to the outlet port of the chip holder lid and 
the procedure was repeated. 
• Second-degree polynomials, with R2 residual values of 0.996 and 0.997 
respectively, were fitted to the pressure drop-flow rate data sets for the inlet and 
outlet of the chip holder. These functions were used during thermal-hydraulic 
characterisation to isolate the experimental pressure drop contributed by the 
microfluidic test chip alone to allow comparison with theoretically calculated 
results.  
• To counteract any offset in pressure transducer results, both ports of the transducer 
were opened to atmosphere and the pressure offset was recorded. This offset was 
taken into account for all pressure drop measurements. 
With accurate experimental pressure drop results for the microfluidic test chip obtained, 
all thermographs and flow parameters could be analysed to complete the thermal-
hydraulic characterisation of the microchannel heat exchanger. 
3.3. Data Recording and Analysis 
Within the scope of this thesis, a LabVIEW VI was designed to record macroTEC 
temperature, during the III/V laser characterisation and to control and record outputted 
voltage to the heater structures in parallel with flow parameter recording for the thermal-
hydraulic characterisation of the microchannel heat exchanger. A MATLAB script was 
designed for data analysis; emissivity-calibration polynomial generation and application, 
analysis of flow parameters and thermograph measurements. The development of a 
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LabVIEW VI and a MATLAB script appropriate for all experimentation guaranteed 
consistent data recording and analysis for all tests. This section outlines the LabVIEW VI 
designed for voltage control and data recording. The MATLAB script designed to 
complete thermograph correction steps, including interpolation of images and the 
emissivity-calibration procedure and hydraulic analysis of all recorded data, is also 
discussed. 
3.3.1. Voltage Control and Data Recording 
For the thermal characterisation of the III/V laser device, a LabVIEW VI was created. A 
while loop ensured that data recording continued throughout testing. The thermocouple 
data, measuring macroTEC temperature, was calibrated and recorded to a Logical 
Volume Management (.lvm) file. The recorded thermocouple data provided values for the 
emissivity-calibration polynomials. Throughout testing, the macroTEC temperature was 
monitored to ensure steady-state thermal conditions for the III/V laser device. 
For the thermal-hydraulic characterisation of the microchannel heat exchanger, a 
LabVIEW VI was designed to control voltage output to individual heater structures and 
to record flow parameters. The LabVIEW block diagram, shown in Appendix C, was 
designed as a three-framed stacked structure. The first stacked frame ensured that heaters 
remained powered when the VI was not executing, to maintain constant heating 
throughout testing. The third frame powered off all heaters once testing was completed. 
The second frame was designed as a two-frame flat sequence structure, within a while 
loop. The first flat sequence frame controlled the voltage output to individual analog 
output lines of the SCB-68 I/O Connector Block DAQ device which outputted the voltage 
to the op amp of the electronic circuit (Figure 3-12). The outputted voltage was recorded 
to a .lvm file. The second flat sequence frame recorded the flow parameters, including the 
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temperatures of the calibrated K-type thermocouples of the fluid inlet, fluid outlet, chip 
holder base and the ambient temperature, which were connected by a NI 9211 
Thermocouple Input Module. Within the second flat sequence frame, the pressure drop 
and flow rate were also recorded, measured by the pressure transducer and flow meter 
respectively, both connected to a SCB-68 DAQ device. Recorded flow parameters were 
written to .lvm files. The calibration polynomials (Section 3.4), for all measurement 
equipment, were entered in the LabVIEW VI to ensure accurate data were recorded. Flow 
parameters were recorded during both testing and calibration steps. Thermocouple data 
of the inlet and outlet thermocouples provided the calibration temperatures for use during 
emissivity-calibration polynomial generation. 
3.3.2. Thermograph Correction 
Time-averaging, linear interpolation and emissivity-calibration steps were completed on 
the recorded thermographs for the III/V laser device and microchannel heat exchanger 
characterisations to ensure accurate thermal results. These steps were performed using a 
designed MATLAB script, which is presented in Appendix B. 
Due to the camera waveband (3 – 5 µm) and the microscale dimensions of the 
characterised structures, (~600 µm x 100 µm – III/V laser; and ~30 µm x 700 µm – heater 
structures), imaging the artefacts of interest considerably challenged the spatial resolution 
limitations of the IR camera. To improve thermograph resolution, image noise effects 
were reduced by time-averaging each series of recorded thermographs in a steady-state 
test. To maximise the resolution of the time-averaged thermographs, each was linearly 
interpolated using the MATLAB interp2 function. A grid size of 0.1 was used, resulting 




In order to ensure accurate thermal readings from each thermograph, extensive 
emissivity-calibration steps were completed for all thermographs of the powered III/V 
laser device and heater structures. For the successful implementation of a spatial 
emissivity-calibration [81]: 
• the device must be at steady-state temperature prior to thermographs being 
recorded; 
• ambient conditions must remain unchanged during testing; and 
• the device must not be moved. 
Emissivity-calibration thermographs and thermocouple data were recorded as outlined in 
Sections 3.1.3.a and 3.2.3.a. The temperature measured by the reference thermocouple(s) 
and the apparent temperature measured by the IR camera in calibration thermographs 
across the range of calibration temperatures (~20 – 80°C) were plotted for each pixel, as 
shown in Figure 3-14. 
Second-order polynomials were used, due to their goodness of fit, to curve fit emissivity-
calibration polynomials for each pixel, with R2 residual values ranging from 0.9834 – 1 
Figure 3-14: Emissivity-calibration procedure of creating a polynomial from the thermocouple 
and IR measured values. Values in brackets in the figure show the (x,y) data points for the 
emissivity-calibration polynomial for selected pixel {1,1}. 
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across all tests. Each emissivity-calibration polynomial was applied to its corresponding 
pixel in test thermographs to obtain calibrated temperature thermographs for the powered 
III/V laser device and heater structures. 
Figure 3-15 shows (a) pre- and (b) post-calibration thermographs of the unpowered laser 
device, thermally controlled by the macroTEC, which demonstrate significant 
improvements in the clarity of the thermal results following the implementation of the 
emissivity-calibration procedure. After calibration (Figure 3-15 (b)), the temperature 
range is reduced, close to the isothermal temperature of the laser device (20°C). However, 
features of the III/V laser and the probes remain faintly visible. This may be attributable 
to the emissivity-calibration polynomials not being a perfect curve fit to the measured 
data, having an average R2 residual value of 0.9987, and the likely persistence of slight 
vibrations of the characterised test piece relative to the IR camera, which were not fully 
diminished by the vibration absorbing feet. 
The completed emissivity-calibration and improved resolution of thermographs imbued 
confidence in the thermal and hydraulic characterisations of the III/V laser device and the 
microchannel heat exchanger. 
Figure 3-15: Pre- and post-emissivity-calibration thermographs of the laser device when heated 
to 20°C by a macroTEC: (a) the uncalibrated thermograph has a large apparent temperature 
range and device features are visible due to different material emissivities in the thermograph; 
(b) the emissivity-calibrated thermograph has a reduced temperature range close to the 






3.3.3. Data Analysis 
To determine the thermal and hydraulic characteristics of the III/V laser device and heater 
structures, a MATLAB script was created. To ensure consistent thermal measurements, 
the MATLAB script was designed to determine the maximum average surface 
temperature of the laser and heater structures. Thermal analysis was completed on the 
saved time-averaged thermographs which were loaded within the MATLAB script. 
Hydraulic analysis was completed by extracting the required information from the 
recorded .lvm files. Using a single MATLAB script for data analysis ensured consistent 
results from all completed testing. 
The successful implementation of the emissivity-calibration polynomials (Section 3.3.2) 
to each pixel in the time-averaged thermographs allowed for improved accuracy thermal 
measurements of the III/V laser and heater surfaces. To ensure that the thermal analysis 
of the laser and heater structure surfaces captured the entire surface area, the number of 
pixels covering the surface area of the structure of interest in a thermograph was 
determined from the known III/V laser surface (~600 µm x 100 µm) and heater structure 
dimensions (Table 3-2). These values were entered into the MATLAB script prior to the 
analysis being completed. 
Once executed, the script prompted the input of a point of reference for the generation of 
a search area, which was designed to be larger than the surface of interest. The MATLAB 
script swept the search area in the X- and Y-directions to determine the area, the size of 
the surface of interest, with the highest area-averaged temperature value. The search area 
reference point was manually selected by the user in close proximity to the surface of 
interest to ensure the full laser or heater surface was within the generated search area. 
Each analysed time-averaged thermograph was also rotated between -1° and +1° in steps 
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of 0.1° to ensure that any rotation of the III/V laser or heater surface relative to the IR 
camera did not affect thermal results. The script stored the highest average surface 
temperature value for each power or flow rate tested. This method of thermal 
measurement ensured unbiased determination of the location of the surface of interest 
throughout data analysis. 
Hydraulic analysis was performed by extracting the recorded fluid temperature, pressure 
drop and flow rate data as well as the voltage drop across the powered heater(s) from 
the .lvm files. The script also retrieved the previously calculated theoretical pressure drop 
values (Section 2.5) which were stored externally to the script. The chip holder lid inlet 
and outlet pressure drop, and the transducer offset values (Section 3.2.3.c) were also 
retrieved to isolate the experimental pressure drop due to the microfluidic test chip from 
recorded experimental results. 
For the analysis of experimental thermal data (Section 2.4.5), the temperature of the fluid 
at the solid-fluid interface (?̅?𝑤|𝑥), Equation (2-22), is required. During experimentation, 
the IR camera is thought to measure the fluid temperature at the solid-fluid interface in 
the area between the heater structures, as discussed in Section 3.2.2.a. However, during 
experimentation, no thermal measurement of the solid-fluid interface in the area directly 
below the heater structures was obtained. This results in uncertainty in the solid-fluid 
interface thermal boundary condition. However, as discussed in Section 1.3, there are 
expected to be areas of increased temperature at the solid-fluid interface directly below 
the heater structures due to a high Biot number (Bi > 23) during experimentation. In order 
to determine the fluid temperature at the solid-fluid interface from thermographs, the 
average temperature of areas from the heater edge to a point midway to the neighbouring 
heater, 235 µm (as shown in Figure 3-16), were obtained. The average fluid temperature 
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at the solid-fluid interface was used to determine the experimental local convective heat 
transfer coefficient (Section 4.2.3.d). 
For the calculation of the average convective heat transfer coefficient (Equation (2-22), 
Section 4.2.5.c), the temperature at the solid-fluid interface is determined for the entire 
length of the microchannel heat exchanger. Average convective heat transfer coefficient 
values were calculated from increased heater temperature characterisation (Section 4.2.5), 
with a single heater powered to 2 W. Analysis showed the temperature to reach 
approximate equilibrium at the edge of each thermograph where the powered heater is 
centrally positioned. Therefore, the temperature at the periphery of the thermograph was 
extended to represent the full length of the microchannel heat exchanger (4,800 µm). The 
average temperature of the fluid at the solid-fluid interface was then determined and used 
in Equation (2-22) to approximate the average convective heat transfer coefficient for 
increased heater temperature testing.  
The MATLAB script also used the recorded and measured thermal and hydraulic data to 
calculate heat transfer rates and dimensionless numbers as well as determining the 
thermal influence of flow rate on heater temperature. Results for the thermal 
Figure 3-16: Thermograph of all heaters powering to 300 mW. The dotted lines indicate the 




characterisation of the III/V laser device and the thermal-hydraulic characterisation of the 
microchannel heat exchanger are presented and discussed in Section 4. 
3.4. Calibration and Uncertainty Analysis 
All measurement equipment that did not have an associated calibration certificate was 
calibrated prior to testing, including thermocouples and the flow meter. The uncertainty 
associated with all primary measurands and derived terms was calculated. 
Thermocouples: The thermocouples used during testing were K-type thermocouples 
attached to a NI 9211 Temperature Input Module, with data recorded by the designed 
LabVIEW VI. For calibration, the thermocouples were submerged in the Lauda EcoLine 
bath to ensure uniform ambient temperature. A FLUKE 5611T Thermistor Probe 
connected to a FLUKE 1504 Thermometer Readout, accurate to ± 0.01°C (calibration 
certificate in Appendix A) was also placed in the water bath. The water temperature was 
increased in steps of ~5 – 10°C, at which points thermocouple readings were recorded 
and the thermistor probe readings were noted. Plotting the thermocouple calibration data 
for four thermocouples (fluid inlet, fluid outlet, chip holder base and ambient) gave linear 
curve fits with R2 residual values of 0.9994 – 0.9995. A sample calibration plot is shown 
in Figure 3-17, with a resulting R2 residual value of 0.9994. 
Calibration data points differed from the calibration trend lines by a maximum of 1.4°C 
at higher temperatures (> 60°C). At lower calibration temperatures (< 50°C), 
thermocouple values matched the linear calibration curve to within 0.5°C. The calibration 
process was determined to calibrate the thermocouples to ± 1.4°C across the full range of 
calibration temperatures (20 – 80°C). The linear thermocouple calibration equations were 
entered into the LabVIEW VI, to transform all thermocouple measurements to the true 
(FLUKE 5611T Thermistor Probe) temperatures prior to being recorded and saved. 
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Thermocouple readings were used to measure the working fluid temperature at which the 
fluid properties of viscosity, thermal conductivity and specific heat capacity were 
evaluated [23]. The uncertainty of these values across the range of temperatures examined 
was calculated to be a maximum of ± 2.5%. 
Pressure Transducer: The calibration certificate for the Omega pressure transducer is 
shown in Appendix A. The presented linear calibration curve had an R2 residual value of 
1. The obtained calibration equation was entered into the LabVIEW VI, to ensure that 
experimental pressure drop values were calibrated to ± 0.08%. 
Flow Meter: The Bronkhorst flow meter was calibrated by measuring the mass of fluid 
that flowed through the system over a period of time at a constant flow rate. The weight 
of the fluid that passed through the system was measured using a calibrated KERN ALS 
120-4N mass balance, accurate to ± 1 mg. The mass flow rate was calculated from the 
known weight and time and compared to the flow meter reading over the same time 
period. A linear calibration curve was fitted to the data with an R2 residual value of 
Figure 3-17: Thermocouple readings as a function of thermistor readings for the calibration of 
the inlet thermocouple. 
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0.9936. The calibration equation was entered into the LabVIEW VI, so all recorded data 
was deemed to be calibrated to within ± 0.5 ml/min. 
Multimeter: A calibration certificate, with a level of confidence of 95%, for the FLUKE 
179 True RMS Multimeter is presented in Appendix A. The multimeter specifications 
state it to be calibrated within ± 0.9%, ± 1% and ± 0.15% for resistance, current and 
voltage measurements respectively. The multimeter was used for the calibration of the 
power supply which was used to power the III/V laser device in Section 3.1.2 and supply 
an output voltage from the SCB-68 DAQ device to the heater structures. The FLUKE 
multimeter was also used to measure the resistances of the heater structures. 
Dimensions: To measure the III/V laser, microchannel, and heater dimensions, the 
MATLAB distance tool was utilised. The uncertainty associated with this technique was 
determined to be ± 3% across all measured dimensions. 
Table 3-4 presents the uncertainties of all primary measurands as stated above. 
Table 3-4: Uncertainties of primary measurands. 
Parameter Uncertainty 
Thermocouples ± 1.4°C (for 20 – 80°C) 
Fluid Properties ± 2.5% 
Pressure Readings ± 0.08% 
Flow Rate ± 0.5 ml/min 
Voltage ± 0.15% 
Resistance ± 0.9% 
Current ± 1% 
Dimensions ± 3% 
Based on the uncertainties associated with primary measurands, the uncertainties 
associated with derived parameters was calculated using the method outlined by Kline 




The maximum uncertainties associated with Reynolds number (20%), pumping power 
(28%), and pressure drop (51%) are high at lower flow rates due to the relatively high 
uncertainty in flow rate (± 0.5 ml/min). At higher flow rates (> 12 ml/min), the 
uncertainties reduce to 3%, 4% and 16% respectively. The contribution of the uncertainty 
due to flow rate is two orders of magnitude larger than the contribution of the uncertainty 
of other parameters. 
Table 3-5: Uncertainties of derived terms. 
Parameter Uncertainty 
Power ± 0.5% 
Area ± 4.2% 
Hydraulic Diameter ± 2.1% 
Temperature Difference, T1 – T2  ± 2°C 
Temperature Difference, TIR – Tꝏ  ± 3.1°C 
Heat Flux ± 4% 
IR Camera ± 2.8°C 
Temperature Difference, TW – Tꝏ ± 3.3°C 
Reynolds number ± 3 – 20% 
Pumping Power ± 2.4 – 28.0% 
Pressure Drop  ± 14 – 51% 
Experimental convective heat transfer coefficient, h ± 20 – 155% 
Experimental Nusselt number ± 21 – 155% 
Thermal Resistance ± 5% 
For the calculation of the experimental local convective heat transfer coefficient, 
Equations (2-21) and (2-23) were used. However, with the heaters powering to 300 mW, 
the temperature difference between the best estimate wall temperature (?̅?𝑤|𝑥) and the 
fluid temperature (𝑇𝑓𝑙𝑢𝑖𝑑|𝑥) was small, < 1 – 8°C. The uncertainty in this value was ± 
3.3°C, resulting in uncertainty in the experimental local h values of ~40 – 4,000%. To 
reduce this value, the average convection heat transfer coefficient was calculated for 
testing when a single heater was powered to 2 W, Section 4.2.5. This process increased 
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the temperature differential between the wall and the fluid to 1 – 13°C, decreasing the 
influence of the uncertainty in ?̅?𝑤|𝑥 on the uncertainty of the experimental convective 
heat transfer coefficient and, therefore, the Nusselt number. The uncertainties in 
convective heat transfer coefficient and Nusselt number results remain substantial 
however, and this continues to be due to the large uncertainty in the temperature 
difference between the fluid and wall temperatures (± 3.3°C) relative to the measured 
values (1 – 13°C). 
The calibration of measurement equipment and the completion of uncertainty analysis 
allows for confidence in the results derived from experimental data and the compilation 
of III/V laser thermal characterisation and microchannel heat exchanger thermal-
hydraulic characterisation results (Section 4). 
3.5. Closure 
This chapter described, in detail, the active III/V laser device, apparatus and procedure 
undertaken for the determination of a thermal baseline for thermal-hydraulic testing. The 
viability of a rectangular microchannel heat exchanger for use as the thermal management 
solution in next generation transceiver PICs was then examined. The microfluidic test 
chip used for the thermal-hydraulic characterisation of a rectangular microchannel heat 
exchanger was introduced, and the apparatus, including the fluidic and electronic circuits, 
was outlined. The testing procedure to complete the thermal-hydraulic characterisation 
was described, and the procedure for recording temperature-controlled calibration 
thermographs for both the III/V lasers and the microfluidic test chips was presented. The 
LabVIEW VI, used for the control of voltage output and the recording of flow parameters, 
was detailed and the designed MATLAB script, for the analysis of thermal and hydraulic 
data, was also described, including emissivity-calibration polynomial generation and 
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thermal measurements. Finally, the calibration procedure for measurement equipment 
and the uncertainty analysis for primary measurands and derived parameters was 




4. Results and Discussion 
This chapter presents thermal and hydraulic results for the characterised active III/V laser 
device and microchannel heat exchanger structure. Thermal measurements of the active 
laser and the heater structures were recorded using an IR camera, and time-averaging, 
linear interpolation and extensive emissivity-calibration steps were taken to ensure that 
accurate thermal results of the microscale structures were obtained. Hydraulic 
characteristics of fluid flow through the 500 µm x 250 µm microchannel heat exchanger 
were measured using a calibrated pressure transducer, manometry and thermal sensors 
across a range of flow rates that lie within the scope of the TIPS designed micropump 
[25] (< 20 ml/min at a pressure < 40 kPa). 
The thermal profiles of the active InP III/V laser device are detailed in Section 4.1, in 
terms of the completed temporal testing, thermal characterisation and spatial temperature 
profiling. The active III/V laser device was thermally characterised to determine the 
baseline temperatures and heat flux generations for the thermal-hydraulic characterisation 
of the rectangular microchannel heat exchanger. 
Results of the microchannel heat exchanger characterisation, to understand the thermal 
effects of fluid flow rate on heater temperature, are presented in Section 4.2. The 
temperature-flow relationship for heaters powered to 300 mW, to represent active III/V 
laser structures, and to 2 W, to reduce experimental uncertainty, are presented. The 
influence of thermal cross talk between heaters was examined and, ultimately, the 
viability of a microchannel heat exchanger for use as a thermal control solution within a 
next generation transceiver PIC was assessed. 
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4.1. Active III/V Laser Characterisation 
Thermal characterisation of the active III/V laser device was carried out, as outlined in 
Section 3.1.3, in order to determine representative thermal conditions for the thermal-
hydraulic testing of the TIPS fabricated microfluidic test chip (Section 3.2.3). Temporal 
testing was completed to determine the time-varying thermal properties of the laser 
structure for powers ranging from 0 – 468 mW. From the presented results (Section 4.1.2), 
it was found that the transient thermal response of the III/V laser structure occurred too 
quickly for the IR camera to capture. Therefore, steady-state, time- and area-averaged 
laser surface temperatures were measured from recorded thermographs to determine the 
temperature-power relationship of the laser structure (Section 4.1.3), for power 
dissipations ranging from 0 – 375 mW in steps of 50 – 100 mW. This section presents an 
overview of the active III/V laser device thermal analysis. Initial temporal testing data are 
presented, as are the temperature-power characterisation results and the spatial 
temperature profiles of the characterised laser structures. 
4.1.1. Overview 
When lasing, the III/V laser surface (~600 µm x 100 µm) increased in temperature relative 
to quiescence for all examined power dissipations. Figure 4-1 (a) presents a SEM image 
of the laser surface, and Figure 4-1 (b) shows an emissivity-calibrated thermograph of the 
laser structure powered to 375 mW. IR camera resolution, discussed in Section 3.1.2, 
limits the image quality of Figure 4-1 (b). However, the gold coating edges can be seen 
(marked with a dotted line), as can the active region of the laser (~600 µm x 2 µm). 
Three equivalent thermal characterisation tests of the III/V laser device were completed 
to determine the temperature-power relationship: two repeatability tests on a single laser 
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structure; and one reproducibility test on a second, similar laser structure. During testing, 
the reference temperature, controlled by the macroTEC, under the laser test chip, was 
held at 23°C ± 0.3°C, recorded using a calibrated K-type thermocouple (Section 3.1.2). 
 
4.1.2. Temporal Testing 
Area-averaged thermal results for testing, as described in Section 3.1.3.b, at powers 
ranging from 0 – 468 mW, over a time period of ~3 minutes to examine the off-on-off 
thermal response of the laser structure are shown in Figure 4-2. The initial temporal 
thermal response of the III/V laser at a power dissipation of 468 mW (Figure 4-2 (1)), as 
power was turned on, occurred too quickly for the IR camera to capture at a high 
resolution (thermal step change of ~22°C in ~45 ms, a single frame). The secondary 
increase in temperature (Figure 4-2 (2)) is associated with the thermal response of the 
remainder of the laser device and the unpowered macroTEC. However, due to their 
Figure 4-1: (a) SEM image of the characterised III/V laser surface with the active region visible. 
(b) Emissivity-calibrated thermograph of the III/V laser powered to 375 mW. The edges of the 
laser surface are outlined (dotted line) with the active region of the laser visible along the centre 
of the structure. 
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relatively large size and mass, this was a more gradual thermal increase (~3.5°C increase 
in ~7 s). Similar behaviour can be seen when power to the III/V laser structure was turned 
off (Figure 4-2 (3)) – an initial step-change cooling and a secondary, more gradual, 
cooling. Similar trends are evident across the full range of power dissipations examined. 
Temporal thermal results in Figure 4-2 show an increase in III/V laser surface temperature 
with an increase in power dissipation. The temperature-power relationship of the III/V 
laser device was further examined, with results presented in Section 4.1.3. Due to the 
transient behaviour of the III/V laser structure, data for the laser thermal characterisation 
were recorded at steady-state conditions. In Figure 4-2, it is seen that following the 
secondary thermal increase (Figure 4-2 (2)), the III/V laser structure held an 
approximately steady-state temperature until power was turned off, a rise of ~1.3°C in 
~142 seconds for a power dissipation of 468 mW. Because of this variation in laser 
Figure 4-2: Transient thermal response as a function of time for a range of power dissipations 
showing the initial heating of the III/V laser (1), the more gradual heating of the remainder of 
the laser device and the unpowered macroTEC (2), and the decrease in temperature as power 






surface temperature, a settling period of ~3 minutes was allowed prior to steady-state data 
being recorded during thermal characterisation measurements. 
4.1.3. Thermal Characterisation 
Thermal characterisation of the III/V laser device, Section 3.1, was carried out at steady-
state conditions across a range of power dissipations, 0 – 375 mW, similar to those 
experienced within a transceiver PIC [6]. The III/V laser surface temperature (TLaser) 
relative to the macroTEC temperature (Tꝏ) is presented as a function of power for a single 
repeatability test in Figure 4-3. The laser surface temperature was measured from time- 
and area-averaged thermographs, as described in Section 3.3.3. The macroTEC 
temperature was recorded using a K-type thermocouple, while power dissipation was 
monitored on a calibrated, current limited power supply. 
Thermal characterisation revealed a linear temperature-power relationship of 47.8°C/W, 
over the full power range, with an R2 residual value of 0.9984 for the single laser, similar 
Figure 4-3: Time- and area-averaged III/V laser surface temperature relative to macroTEC 
temperature as a function of power dissipation for a single thermal characterisation test. Error 
bars represent the uncertainties associated with each data point. 
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to results presented in Pijnenburg et al. [83]. Repeatability testing showed temperature-
power results to be within 4.0°C/W, and laser-to-laser variation, for a sample of two 
lasers, was 3.4 – 7.4°C/W. 
Thermal characterisation shows that for a typical power dissipation of a laser structure 
within a transceiver PIC (~100 mW [6]), a thermal increase of ~4°C was achieved, 
compared to an unpowered laser at quiescence. Due to the linear temperature-power 
relationship, an increase in power to ~300 mW was employed during the microchannel 
heat exchanger characterisation to provide higher heater temperatures (~12°C thermal 
increase relative to an unpowered laser), in order to produce clearer thermographs. 
Powering the active III/V laser structure to 100 mW and 300 mW resulted in component-
level heat fluxes of 166 W/cm2 and 500 W/cm2 respectively across the 600 µm x 100 µm 
laser surface. The ability of the microchannel heat exchanger to remove heat fluxes of 
166 – 500 W/cm2, with average heater surface temperature increases of 4 – 12°C, similar 
to those experienced for III/V laser power dissipations of 100 – 300 mW, will determine 
the feasibility of the microchannel heat exchanger for use as a potential thermal 
management solution for next generation transceiver PICs. This will be further addressed 
in Section 4.2.3. 
4.1.4. Spatial Temperature Profile 
To examine the effects of heat spreading from the laser heat source (the active region), 
the spatial temperature distribution across the laser surface (bordered by the dotted line, 
Figure 4-1) was analysed in both the X- and Y- directions (indicated in Figure 4-1 (b)). 
Within a typical array of lasers in a transceiver PIC, the laser structures are positioned 
~250 µm apart [7]. To reduce thermal cross talk between neighbouring laser structures, 
thermal resistance to one-dimensional heat spreading (directly into the fluid) must be 
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minimised (Figure 2-7), which will reduce the effects of thermal spreading through the 
silicon substrate to neighbouring laser structures. 
The spatial temperature distribution across the laser surface was obtained from time-
averaged thermographs by averaging the calibrated temperature values of each column 
(for the X-direction) and row (for the Y-direction) of pixels along the laser surface, Figure 
4-1 (b). The resulting temperature profiles, relative to ambient (the macroTEC, held at 
23°C), are plotted in Figure 4-4 for a laser powered to 375 mW. 
In the X-direction (Figure 4-4 (a)), temperatures in the range of 15 – 19°C were measured 
across the laser surface; and in the Y-direction (Figure 4-4 (b)) temperatures ranged from 
~16 – 18°C. In Figure 4-4 (b), the elevated temperature of the active region is annotated. 
The gold coating, 2 – 3 µm thick, on the surface of the laser structure (Section 3.1.2) is 
highly thermally conductive (315 W/m.K at 20°C [49]), while the BCB layer below has 
a low thermal conductivity (0.3 W/m.K at 27°C [84]). Therefore, the heat generated in 
the active region is likely to spread laterally through the gold coating, and this is 
postulated to contribute to heat spreading across the 100 µm width of the laser structure, 
potentially resulting in thermal cross talk between neighbouring lasers. 
The thermal characterisation of the active III/V laser quantifies the temperatures that must 
be controlled (4 – 12°C) and the heat fluxes that must be removed (166 – 500 W/cm2) 
Figure 4-4: Temperature as function of position on the laser surface in the X- (a) and Y- (b) 






from a laser within a transceiver PIC array. These power dissipations and their associated 
temperature rises form a baseline for the thermal-hydraulic characterisation of the 
microchannel heat exchanger (Section 3.2). Temperature variations and heat spreading 
across the III/V active laser device surface reveal the possibility of thermal cross talk 
between neighbouring lasers and, therefore, the effects of fluid cooling on thermal cross 
talk will be examined in Section 4.2.8. Maintaining lasers in a transceiver PIC array at an 
approximately equal temperature is integral to ensure consistent laser wavelengths being 
transmitted. To this end, the thermal characteristics of the active III/V laser form the basis 
for the thermal-hydraulic characterisation of a microchannel heat exchanger, the results 
for which are presented in the following section. 
4.2. Microchannel Heat Exchanger Characterisation 
Thermal-hydraulic characterisation of a microchannel heat exchanger, ~500 µm x 250 
µm, was completed, as outlined in Section 3.2, in order to determine its potential for use 
as the thermal management solution in next generation transceiver PICs. Thermal energy 
was generated by eight chromium heaters, crossing the microchannel heat exchanger, 
deposited on a ~250 µm thick silicon substrate, mimicking lasers within a transceiver 
PIC. Thermal-hydraulic characterisation was carried out to determine the influence of 
fluid flow rate on heater surface temperature, as well as the effects of thermal cross talk 
between neighbouring heater structures. 
This section presents and discusses the thermal and hydraulic results of the microchannel 
heat exchanger characterisation. To ensure that flow conditions remain compatible with 
the TIPS developed micropump technology [25], theoretical pressure-flow calculations 
and experimental pressure-flow measurements are detailed and compared in Section 
4.2.1. Heater surface thermal measurements across the range of fluid flow rates (0 – 20 
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ml/min) for all heaters powered to 300 mW are analysed (Section 4.2.3) to examine the 
potential influence of fluid flow on a fully powered laser array. Increased heater 
temperature characterisation (Section 4.2.5) is then completed, with heaters individually 
powered to 2 W in order to obtain improved accuracy thermal data. Conductive heat 
spreading analysis results are presented in Section 4.2.6 to approximate appropriate 
thermal boundary conditions for heat transfer analysis (Section 4.2.7). Heat spreading 
from single and multiple powered heaters is examined in Section 4.2.8 across the range 
of flow rates to explore the thermal effects of cross talk between neighbouring heaters. 
All data and results are discussed in order to understand the influence of fluid flow on 
heat transfer within the characterised microchannel heat exchanger to determine its 
potential as a thermal management solution for next generation transceiver PICs. 
4.2.1. Pressure-Flow Measurements 
Pressure-flow characteristics allow for the calculation of required pumping power and, 
therefore, a measure of the operating costs [85] associated with cooling an array of lasers 
using a microfluidic heat exchanger. Due to the small scale of the proposed TIPS 
technology, micropumps will be used as the fluid pumping solution, as discussed in 
Section 1.2. The flow rates necessary for heater thermal management and the pressure 
penalties due to the microscale flow regime must lie within the scope of the TIPS designed 
micropump [25], < 20 ml/min at pressure of < 40 kPa. Therefore, the pressure-flow 
relationship of the characterised microchannel heat exchanger is examined both 
theoretically (Section 2.5) and experimentally (Section 3.3.1). 
Fluid flow remained laminar for the employed flow rates, 2 – 20 ml/min, and the 
associated Reynolds numbers of 93 – 931. Experimental analysis by Rands et al. [86] 
shows the transition to turbulent flow to occur in the Reynolds number range of 2,100 – 
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2,500, consistent with macroscale flow behaviour. For flow rates of 2 ml/min and 4 
ml/min, theoretical calculations (Section 2.3) showed that flow became fully 
hydrodynamically developed prior to exiting the microchannel heat exchanger. For higher 
flow rates, however, the flow was hydrodynamically developing throughout the 
microchannel heat exchanger geometry. The calculated thermal developing length (12 – 
116 mm) far exceeds the length of the microchannel heat exchanger (4.8 mm), therefore, 
simultaneously and thermally developing laminar flow regimes were deemed to be the 
flow species within the scope of this thesis. 
a. Theoretical Analysis 
Values for the theoretical pressure drop across the microfluidic test chip, from chip inlet 
to chip outlet, were calculated for flow rates of 0 – 20 ml/min using equations outlined in 
Table 2-1. Theoretical pressure drop data include loss coefficients (k) due to bends, 
expansions and contractions along the flow path (Table 2-2). As shown in Table 3-1, 
microfluidic test chips A and B featured different flow path dimensions due to 
microfabrication features which resulted in different theoretical pressure drop values as 
shown in Figure 4-5. The theoretical pressure drop for a flow path of the nominal 
dimensions is also shown in Figure 4-5. 
Theoretical pressure drop results take the form of a second-degree polynomial, as 
expected from Equation (2-28), with an R-squared residual value of 0.9988. An increase 
in flow rate from 2 ml/min to 12 ml/min results in a theoretical pressure drop increase of 
~17 kPa, while a further increase in flow rate from 12 ml/min to 20 ml/min results in an 
additional theoretical pressure drop penalty of ~19 kPa. At a flow rate of 20 ml/min, the 
theoretical pressure drop across the microfluidic test chip, inlet to outlet, is ~35 – 43 kPa. 
The upper range of these values marginally exceed the capabilities of the TIPS designed 
micropump (< 20 ml/min at pressure of < 40 kPa). However, the theoretical pressure drop 
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due to the microchannel heat exchanger geometry only (Figure 3-5 (5)), Equation (2-29), 
is ~12 kPa, within the TIPS pumping capabilities. Therefore, to realise a microchannel 
heat exchanger with pressure penalties within the scope of the TIPS micropump, the 
connecting microchannel geometry (Figure 3-5 (2) and (6)) could be redesigned to reduce 
the associated pressure losses. A reduction in the pressure drop due to the connecting 
microchannel geometry would also ensure increased accuracy of pressure-flow 
measurements associated with the microchannel heat exchanger geometry. 
The difference in theoretical pressure drop data between test chips A and B is at a 
maximum value of 7.9 kPa at a flow rate of 20 ml/min. Theoretical pressure drop results 
for both test chips vary from the theoretical pressure drop of the nominal chip across the 
full range of flow rates, by 14 – 15% and 3 – 7% respectively, due to the effect of channel 
diameter on pressure drop results, ∆𝑃 ∝  𝐷ℎ
−4 (Section 2.5), highlighting the need for 
accurate channel fabrication. 
Figure 4-5: Theoretical pressure drop as a function of flow rate for microfluidic test chips A 
and B. The theoretical pressure drop calculated for the nominal dimensions is also shown. 
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The microchannel test chips were fabricated within the TIPS consortium using a DRIE 
process that can realise structure widths of ~1 µm with sidewall angles of ~90° ± 2° [87], 
resulting in relatively high accuracy flow geometries. However, due to the microscale of 
the characterised channels, these tolerances result in large variations in pressure drop 
values for test chips A and B. A slight deviation from the nominal flow path dimensions 
will result in a large difference in pressure drop values, for example, a 1 µm narrower 
entrance microchannel results in a pressure increase of ~2 kPa (~5%) at 20 ml/min. As 
shown in Figure 3-6, the characterised channel walls were found to stand at angles of 93° 
and 91°. Microchannel dimensions also deviated from their nominal values by 0.5 – 10% 
(Table 3-1). The microchannel height deviated by a maximum of 5.6% from the nominal 
value, due to the curved nature of the top of the microchannel. Non-rectangular channel 
cross-sections and non-linear channel walls result in the large differences in the 
theoretical pressure drops of test chip A, test chip B and the nominal chip design seen in 
Figure 4-5.  
The contribution of loss coefficients (k), Table 2-2, due to expansions, contractions and 
bends, account for ~7 – 35% of the total theoretical pressure drop along the microfluidic 
flow path, as shown in Figure 4-6. As the fluid flow rate increases, so too does the 
percentage contribution of loss coefficients to the total pressure drop. 
The theoretical pressure drops due to the entrance microchannel (Figure 3-5 (2)), the exit 
microchannel (Figure 3-5 (6)) and the microchannel heat exchanger (Figure 3-5 (4)) are 
considerably larger than the theoretical pressure drops due to the diffuser (Figure 3-5 (3)) 
and the nozzle (Figure 3-5 (5)) geometries. For both test chips, the entrance microchannel, 
exit microchannel and microchannel heat exchanger contribute ~9 kPa (~21%), ~19 kPa 
(~45%) and ~12 kPa (~29%) respectively to the total pressure drop, at a flow rate of 20 
103 
 
ml/min, while the diffuser and nozzle structures contribute ~1 kPa (~2%) and ~0.86 kPa 
(~2%) respectively. 
Theoretical pressure drop calculations for test chip A and test chip B indicate that the 
TIPS designed micropump would be capable of delivering the required flow rates (< 20 
ml/min) through the microchannel heat exchanger geometry. The need for accurate 
microchannel dimension fabrication is also evident, as small deviations from nominal 
values result in significant variations in pressure drop results. A large proportion (~67%) 
of the total pressure drop across the test chip is due to the connecting microchannels 
(entrance microchannel and exit microchannel). This contribution could be reduced by 
enlarging the microchannel dimensions or reducing the loss coefficients along the fluid 
path. A reduction of the pressure drop across the connecting microchannels would ensure 
that the TIPS designed micropump is capable of generating flow rates of ~20 ml/min 
through the microchannel heat exchanger while also ensuring improved accuracy in 
pressure drop measurements across the microchannel heat exchanger geometry. 
Figure 4-6: The contribution of theoretical loss coefficients as a percentage of the total 
theoretical pressure drop as a function of flow rate. 
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b. Experimental Analysis 
In order to compare theoretical calculations and experimental data, the pressure drop due 
to the chip holder and connecting tubing was subtracted from the experimental data 
recorded by the pressure transducer (Section 3.2.3.c) to isolate the pressure drop due to 
the microfluidic test chip. The chip holder and connecting tubing contributed a maximum 
pressure drop of 6 kPa at a flow rate of 20 ml/min. Theoretical calculations and 
experimental data for test chip B, with no heaters powered (to minimise effects of 
temperature on fluid properties) are shown in Figure 4-7. A second degree polynomial 
trendline, with an R-squared residual value of 0.9993, is fitted to the experimental data as 
per Idelchik [69] and Equation (2-28). 
Experimental data show the pressure drop across the microfluidic test chip to increase to 
~40 kPa at a flow rate of 20 ml/min, within the scope of the TIPS micropump. An increase 
in flow rate from 2 ml/min to 12 ml/min incurs an increase in experimental pressure drop 
of ~15 kPa. A further increase in flow rate from 12 ml/min to 20 ml/min, incurs an 
Figure 4-7: Experimental and theoretical pressure drop from chip inlet to chip outlet as a 
function of flow rate for testing completed on microfluidic test chip B with no power dissipation. 
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additional increase in experimental pressure drop of ~25 kPa, similar to theoretical 
results. Experimental data and theoretical calculations were found to be within 7 kPa 
across all tests and flow rates. Both quantities, experimental and theoretical, were found 
to conform to second-degree polynomials, with the offset between results postulated to 
stem from inconsistencies in microchannel geometry fabrication, compared to the ideal 
rectangular cross-section of the nominal exchanger, due to angled and non-linear channel 
walls (Figure 3-6). Uncertainty (Section 3.4) of microchannel dimensions (± 3%), fluid 
flow rate (± 0.5 ml/min) and fluid properties (± 2.5%) also contribute to deviations 
between theoretical and experimental results. 
Figure 4-8 shows pumping power as a function of flow rate for test chip B, from chip 
inlet to outlet, with no heaters powered. Pumping power is calculated as a product of the 
fluid flow rate (in m3/s) and the pressure drop across the microfluidic test chip, from chip 
inlet to outlet. The data fit to a second-degree polynomial trendline with an R-squared 
residual value of 0.9979. 
 Figure 4-8: Pumping power as a function of flow rate for test chip B with no heaters powered. 
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An increase in flow rate from 0 – 12 ml/min is shown to result in an increase in required 
pumping power of ~4 mW. A further increase of flow rate from 12 ml/min to 20 ml/min, 
results in an increase in required pumping power of ~10 mW. An increase in pumping 
power equates to an increase in operational costs [85], therefore, maintaining low 
pumping power values with sufficient thermal control of a laser array is integral to the 
success of the TIPS technology. 
4.2.2. Thermocouple Measurements 
To monitor and control the ambient temperatures experienced by the microfluidic test 
chip, fluid temperatures at; the inlet and outlet of the microfluidic test chip holder; 
ambient room temperature; and the temperature of the chip holder base, were recorded 
using calibrated K-type thermocouples, as detailed in Section 3.2.3.b. Thermocouple data 
from a sample test are shown in Figure 4-9. Thermocouple readings were monitored to 
ensure that steady-state conditions were reached prior to the recording of thermographs 
and thermal-hydraulic data during testing. Steady-state ambient conditions imbued 
confidence that thermal variations of the heater surfaces were solely due to flow rate 
changes through the microchannel heat exchanger. 
For both sets of tests, laser structure representative characterisation (Section 4.2.3) and 
increased heater temperature characterisation (Section 4.2.5), the fluid in the Lauda 
thermal bath, Section 3.2.2, was held at 25°C and was recorded to be within ± 0.1°C for 
all tests. Fluid passing the inlet thermocouple was measured to be 24.2 – 25.1°C for all 
tests. The temperature of the surroundings (room temperature) fluctuated from 18.5 – 
23.0°C across all tests but was approximately at steady-state throughout each individual 
test (< 0.8°C fluctuation). The temperature of the chip holder base was also recorded and 
maintained a constant temperature of 24°C ± 1°C across all tests. In cases with no heater 
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powered, fluid inlet and outlet temperatures across all flow rates were constant, with a 
variation of ± 0.1°C. Across all testing, an increase in fluid flow rate from 2 ml/min to 20 
ml/min resulted in a decrease in fluid outlet temperature of ~8°C. Data in Figure 4-9 is 
for an increased heater characterisation test with heater 8 powered individually to 2 W. 
This result is consistent with the energy balance equation, Equation (2-10), which shows 
that an increase in flow rate results in a decrease in the difference between inlet and outlet 
temperatures. 
The steady-state thermal characteristics of the inlet, ambient and chip holder base 
temperatures ensured that thermal changes to heater surface temperature were solely a 
result of fluid flow rate variations. With an increase in flow rate, there was an increase in 
heat transfer and, therefore, a decrease in outlet fluid temperature (Equation (2-10)). The 
increase in heat transfer is expected to result in a decrease in heater surface temperature 
and thermal cross talk, which will be addressed in Sections 4.2.3, 4.2.5 and 4.2.8. 
Figure 4-9: Thermocouple measurements as a function of flow rate for the test chip inlet and 
outlet, surroundings (room temperature) and the chip holder base for a test with heater 8 
powering to 2 W. All results held a steady-state temperature except the outlet temperature, which 
decreases with increasing flow rate. 
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4.2.3. Laser Structure Representative Characterisation 
Thermal-hydraulic characterisation of all heater structures powering simultaneously to 
300 mW, as described in Section 3.2.3.b, was completed to determine the thermal control 
of a laser array that is possible using the characterised microchannel heat exchanger. The 
active III/V laser characterisation, Section 4.1, provided a baseline for heater temperature 
increases which must be controlled (4 – 12°C above ambient) and heat fluxes which must 
be removed (166 – 500 W/cm2) by the fluid in the microchannel heat exchanger to prove 
the viability of the proposed TIPS technology. This section presents thermal results 
determined from the recorded thermographs. The thermal effects of fluid flow rate on 
heater surface temperature are presented, as is an analysis of the thermal control possible 
across an array of heaters at increasing flow rates. The effect of flow rate changes on heat 
transfer is then discussed. 
a. Thermograph Generation 
Accurate recording of all heater surfaces simultaneously in a single thermograph was not 
possible due to the magnification of the IR camera lens (4X). Consequently, three separate 
tests were completed, as described in Section 3.2.3, under identical conditions, with the 
IR camera focused on a three separate areas (2208 µm x 1269 µm) of the heater array to 
achieve thermal characterisation of all heaters. The three test thermographs were 
combined by aligning adjoining pixels from each test thermograph to create a single 
thermograph, capturing all heater structures powered to 300 mW. The resulting 
thermographs are shown in Figure 4-10 for fluid flow rates of 2 ml/min (a) and 20 ml/min 
(b). Flow direction is from right to left, and heaters are numbered (1 – 8) from right to 
left. Generating a single thermograph of all heater structures allowed for thermal 
characterisation of a fully powered heater array. 
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It should be noted that images (a) and (b) feature different temperature scale bars, a 
consequence of the enhanced thermal convection associated with an increase in fluid flow 
rate (Equation (2-10)). Evident in Figure 4-10 (a), especially along the side of the heaters 
and connecting traces for heaters 7 and 8, is an apparent heating effect that can occur 
during the emissivity-calibration process for small thermal targets. These areas of 
apparent increased temperature are due to the application of the emissivity-calibration 
polynomial (Section 3.3.2) to incorrect pixels, and this is seen to have a large effect on 
local thermal results. This effect is believed to be caused by slight vibrations, resulting in 
a movement of the test piece relative to the IR camera. To minimise the effects of 
Figure 4-10: Thermographs of the eight heater structures crossing the microchannel heat 
exchanger, each powered to 300 mW, combined together from the results of three identical tests, 
for flow rates of 2 ml/min (a) and 20 ml/min (b). Flow is from right to left. 
(a) 
(b) 1 2 3 4 5 6 7 8 
1 2 3 4 5 6 7 8 
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vibrations, the apparatus was supported by Thor Labs, AV4 Sorbothane vibration 
absorbing feet, as described in Section 3.2.2.a. 
b. IR Image Results 
Figure 4-11 shows heater structure surface temperatures, relative to the inlet temperature 
(25°C ± 1°C) for flow rates of 2 ml/min to 20 ml/min under steady-state conditions, as 
described in Section 3.2.3.b. Heater surface temperature was measured as described in 
Section 3.3.3. As expected, a decrease in heater temperature occurred with an increase in 
fluid flow rate [88]. However, at flow rates > 12 ml/min, increases in cooling effect begin 
to diminish. 
As outlined in Section 3.2.3.b, testing began at a flow rate of 20 ml/min, decreased to 2 
ml/min and returned to 20ml/min in steps of 2 ml/min to complete the thermal 
characterisation of the heater structures across the full range of flow rates. The 
temperature of all heater surfaces returned to their approximate starting temperatures at 
Figure 4-11: Heater surface temperature relative to the inlet temperature as a function of fluid 
flow rate for all heaters when powered simultaneously to 300 mW. 
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the conclusion of each test (within 1°C), approximately one hour after the recording of 
the first data point, indicating that the two hour settling time prior to testing was sufficient 
to obtain thermally steady-state conditions. All heater structures followed the same 
thermal trend and, for all heaters, an increase in flow rate from 2 ml/min to 20 ml/min 
resulted in a heater surface temperature decrease of ~10 – 12°C. The relatively low 
increase in heater temperature above the ambient (4 – 20°C) resulted in low resolution of 
thermographs and uncertainty in results. Absolute heater surface temperatures were 
recorded to be 29 – 40°C (results in Figure 4-11 are relative to ambient, 25°C), 
comparable to III/V laser surface temperatures while dissipating powers of 119 mW to 
386 mW, Section 4.1. These power dissipations and, therefore, thermal increases are 
within the expected powering range of active III/V laser structures in a transceiver PIC 
package [6]. 
Plotting the temperature of pixels along the centreline of the microchannel heat 
exchanger, relative to the inlet temperature, reveals the thermal variation in the direction 
of flow; Figure 4-12 shows data for flow rates of 2 ml/min, 12 ml/min and 20 ml/min. 
Figure 4-12 shows the heater surface temperatures and what is postulated to be the fluid 
temperature at the solid-fluid interface. Uncertainty exists as to the material being 
recorded by the IR camera between the heater structures in Figure 4-12 (Section 3.2.2.a). 
The uncertainty in thermal measurements between the heater structures will prove 
significant in heat transfer calculations and dimensionless analysis in Section 4.2.7. 
Figure 4-12 illustrates that powering each heater to 300 mW resulted in a heater surface 
temperature increase above the fluid temperature at the solid-fluid interface of ~2 – 5°C. 
Increases in fluid temperature at the solid-fluid interface, relative to the inlet, of 10 – 
15°C, 3 – 5°C and 2 – 3°C are seen at flow rates of 2, 12 and 20 ml/min respectively. The 
decrease in thermal variation between the fluid at the solid-fluid interface and the inlet 
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temperature is a result of enhanced convective heat transfer due to the increase in fluid 
flow rate through the microchannel heat exchanger (Equation (2-10)). 
 
c. Thermal Control 
To ensure that 300 mW was dissipated across each heater structure, a range of powers 
were dissipated connector-to-connector due to the variations in electrical resistance of the 
heater structures as a percentage of the total connector-to-connector resistance (Table 
3-3). Powers ranging from 345 mW – 400 mW were dissipated from connector-to-
connector for each of the eight heater structures. The connecting traces on the test chip 
had resistance values that accounted for up to 30% of the total electrical resistance from 
connector-to-connector (Table 3-3), resulting in non-negligible power dissipation, ~620 
mW, occurring along all connecting traces on the test chip. At a flow rate of 2 ml/min, 
this power dissipation resulted in an increase in the fluid temperature at the solid-fluid 
Figure 4-12: Temperature variation along the centre of the microchannel heat exchanger, 
focused on the plane of the heaters but also recording the fluid temperature at the solid-fluid 




interface prior to passing the first heater structure, as shown in Figure 4-12. A reduction 
in the resistances contributed by the connecting traces would reduce the fluid temperature 
increase prior to entering the microchannel heat exchanger. The thermal increase in the 
fluid is also evidence of lateral heat spreading through the silicon substrate. This effect 
will be further discussed in Section 4.2.6. Heat spreading results in thermal cross talk 
between neighbouring heater structures, affecting heater temperature and – potentially – 
laser wavelength within a transceiver PIC laser array. 
At higher flow rates (12 and 20 ml/min, Figure 4-12), the effects of lateral heat spreading 
are reduced due to a higher convection heat transfer coefficient which reduces the thermal 
resistance to one-dimensional heat spreading (Figure 2-7) from each heater into the fluid. 
The reduced lateral heat spreading within the silicon substrate results in a smaller 
variation in heater surface temperatures within the array. The time- and area-averaged 
heater surface temperatures relative to inlet temperature (𝑇𝐻𝑒𝑎𝑡𝑒𝑟 − 𝑇𝐼𝑛𝑙𝑒𝑡) for all heaters 
are shown in Table 4-1 for flow rates of 2 ml/min, 12 ml/min and 20 ml/min. The ranges 
of temperatures (5.6°C at 2 ml/min, 3.5°C at 12 ml/min, and 2.0°C at 20 ml/min) show 
that an increase in flow rate results in tighter thermal bands across an array of heater 
structures, also evident in the standard deviation for all flow rates (2.3°C at 2 ml/min, 
1.2°C at 12 ml/min, and 0.7°C at 20 ml/min). 
These data show that the inclusion of resistive heaters (Section 1.1) would remain a 
necessity to maintain laser temperature within ± 0.1 K of the operating temperature. 
However, the power consumption and thermal energy dissipation required from the 
resistive heaters would be reduced. In contemporary transceiver PIC technology, the 
combination of active III/V lasers and resistive heaters, as well as heating from upstream 
shelves in a data centre can result in laser array local ambient temperatures of 80°C or 
more [6]. Using microfluidics at higher flow rates (> 12 ml/min) to actively cool the laser 
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array, while also reducing the thermal variation between neighbouring lasers prior to 
resistive heating, would help to reduce the total energy consumption costs within an 
overall data centre application [14]. 
Table 4-1: Heater surface temperature relative to inlet temperature for all heaters powered to 
300 mW at flow rates of 2 ml/min, 12 ml/min and 20 ml/min. 
Heater Number 
THeater – TInlet at 
2 ml/min (°C) 
THeater – TInlet at 
12 ml/min (°C) 
THeater – TInlet at 
20 ml/min (°C) 
1 13.3 8.9 4.7 
2 14.1 9.6 5.3 
3 15.1 9.4 6.0 
4 15.6 8.9 6.2 
5 17.9 8.3 6.3 
6 18.9 8.2 6.7 
7 18.7 6.9 6.6 
8 18.5 6.2 6.5 
Maximum Difference 5.6 3.5 2.0 
Standard Deviation 2.3 1.2 0.7 
d. Heat Transfer 
Thermal measurements of the fluid at the solid-fluid interface were used to calculate the 
approximate experimental local convection heat transfer coefficient, as described in 
Section 3.3.3 and using Equation (2-22). In this manner, local convective heat transfer 
coefficient values of hx = 9 – 62 kW/m
2K were obtained; these are of the same order of 
magnitude as the upper range of typical values for forced convection in liquids (~20 
kW/m2K [23]), including the maximum convection heat transfer coefficient 
experimentally obtained by Kim [43], 12.7 kW/m2K. 
As shown in Figure 2-7, multiple mechanisms of heat transfer from the heater structure 
exist. The dominant mechanism of heat transfer from the test chip is expected to be into 
the working fluid due to the high convective heat transfer coefficients of water compared 
to air (101 – 103 increase [23]), the expected high resistance to radiation heat transfer, and 
the low thermal conductivity of the chip holder materials (0.29 W/m.K – PEEK [89] and 
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0.2 W/m.K – Polycarbonate [90]). The relatively high thermal conductivity of the silicon 
substrate (k = 153 W/m.K [49]), is expected to result in thermal energy from the powered 
heater structures to spread laterally through the silicon substrate and the overall test chip. 
To determine the proportion of heat transfer from the test chip that was due to convection 
into the working fluid, convective heat transfer results were calculated from the energy 
balance equation, Equation (2-10) using the inlet and outlet thermocouples as the 
reference temperature measurements. A total power of 3 W, connector-to-connector, 
across all heaters, was inputted to the microfluidic test chip. The calculation of the 
experimental heat transfer due to convection showed that 1.5 – 1.9 W of thermal energy 
was removed by the working fluid, as shown in Figure 4-13. 
Reduced convective heat transfer into the fluid occurs at lower flow rates (< 6 ml/min), 
increasing the test chip temperature, as is echoed at low flow rates in Figure 4-12. 
Moreover, heat spreading through the silicon substrate also increases at lower flow rates, 
due to the lower h values and increased resistance to one-dimensional heat transfer into 
Figure 4-13: Heat transfer as a function of flow rate for a test with eight heaters powering to 
300 mW simultaneously, resulting in a total of ~3 W being dissipated by the overall test chip. 
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the fluid. Above a flow rate of ~6 ml/min, convective heat transfer enhancements 
diminish, and convective heat transfer appears to approach a maximum for the studied 
flow regime. This is believed to be due to flow being hydrodynamically developing above 
a flow rate of 6 ml/min, with improved heat transfer due to the thin boundary layer (Figure 
2-4). 
Accurate measurement of the heater surface temperature was challenging due to the small 
(micro) scale of the heaters and the small (10 – 12°C) increase in heater temperature with 
a decrease in flow rate. A potential solution to this issue was to provide the IR camera 
with an increased heater temperature (Section 4.2.5). To analyse the viability of this 
approach, the temperature-power relationship of the heater structures was analysed 
(Section 4.2.4). 
4.2.4. Temperature – Power Relationship 
Thermal measurements, obtained from recorded thermographs, of an individual heater 
structure dissipating a range of powers were used to determine the temperature-power 
relationship of the heater structures. The analysed heater (heater 6) was powered from 
100 mW to 2.25 W, in steps > 200 mW with thermal data recorded at each power interval 
for steady-state conditions, as outlined in Section 3.3.1. The fluid flow rate through the 
microchannel heat exchanger was held at ~10 ml/min, in order to ensure similar heat 
transfer conditions across all tests. The temperature-power relationship (Figure 4-14) 
shows that an increase in power dissipation across the heater structure resulted in an 
increase in heater temperature relative to the inlet temperature, in the form of a second-
degree polynomial with an R2 residual value of 0.9979. 
Zhang et al. [91] and Pijnenburg et al. [83] show a chip temperature rise to be linearly 
proportional to the heating power input, but this is not the case in Figure 4-14. These 
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discrepancies may be due to variations in the thermal properties of silicon (thermal 
conductivity of 151 W/m.K at 0°C and 129 W/m.K at 50°C [92]) or the properties of 
water (thermal conductivity, density, viscosity, specific heat capacity and Prandtl 
number) due to variations in fluid temperature. The anomalies in the relationship between 
heater temperature and power dissipation may also be due to experimental uncertainties. 
Plotting a linear trendline to the obtained data shows data points to be within the ± 2.8°C 
uncertainty for IR camera measurements (Table 3-5) of the trendline. Powering the heater 
to 2 W resulted in an increase in heater temperature of ~37°C compared to the heater 
powered to 300 mW, and this was chosen as the power dissipation value for increased 
heater temperature characterisation. 
Powering the heater to 2 W induced a heater surface temperature of ~66°C, avoiding the 
risk of flow boiling, in order to maintain stable, single-phase flow within the 
microchannel heat exchanger. The increase in heater surface temperature facilitated 
Figure 4-14: Heater surface temperature relative to inlet temperature as a function of power 
dissipation across heater 6. During testing, the flow rate through the microchannel heat 
exchanger was held at ~10 ml/min. 
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accurate thermal measurements of the heater structures and an in-depth analysis of the 
thermal effects of flow rate on individual heaters, presented in the following section. 
4.2.5. Increased Heater Temperature Characterisation 
In order to realise a complete thermal-hydraulic characterisation of the thermal effects of 
flow rate on powered heaters crossing the microchannel heat exchanger, a single heater 
dissipated 2 W while all remaining heaters were unpowered, as described in Section 
3.2.3.b. Flow rates of 2 ml/min to 20 ml/min were employed, and thermal measurements 
were recorded at steady-state conditions. Figure 4-15 shows an emissivity-calibrated 
thermograph with heater 4 powered to 2 W. 
The improvement in thermograph clarity relative to Figure 4-10 is evident as the heater 
temperature is higher than the surrounding test chip and fluid temperatures by > 50°C. 
Clearer thermographs facilitate more accurate and consistent measurements of the heater 
Figure 4-15: Thermograph of heater 4 powered to 2 W with a flow rate of 20 ml/min passing 
through the microchannel heat exchanger. 
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surface temperatures across all completed tests. In this section, thermal results from 
recorded thermographs are presented. Data generated from thermal-hydraulic results are 
then discussed, including pumping power and heat transfer effects. 
a. IR Image Results 
Figure 4-16 shows heater surface temperatures relative to the fluid inlet temperature as a 
function of flow rate through the microchannel heat exchanger for all heaters powered 
individually to 2 W. The graph features data for test chip B, and data are the average of 
three repeatability tests. Error bars show the standard deviation for the three repeat tests. 
Fluid temperature in the Lauda bath was held at 25°C ± 0.1°C for all tests. 
All heater structures show a similar trend – a decrease in temperature with an increase in 
fluid flow rate and the appearance of an asymptotic temperature value at higher flow rates 
(> 12 ml/min), similar to that discussed in Section 4.2.3. With a decrease in flow rate, all 
heaters increased in temperature and, with a subsequent increase in flow rate, all heaters 
Figure 4-16: Heater surface temperature relative to inlet temperature as a function of flow rate 
from 2 ml/min to 20ml/min for all heater structures on test chip B. Error bars show the standard 
deviation of three repeat tests. 
120 
 
returned to their approximate starting temperature (to within 0.5°C), indicating that the 
two-hour settling time, prior to recording of the first data point (Section 3.2.3.b), was 
sufficient to obtain thermally steady-state conditions. Approximately one hour elapsed 
between the first and last data point being recorded, both at a flow rate of 20 ml/min. 
The range of heater temperatures seen at similar flow rates is due to the varied percentages 
that the heater structures contribute to the total connector-to-connector electrical 
resistances, Table 3-3. During testing, a total of 2 W was dissipated across the chip, 
connector-to-connector for all heaters. Therefore, power dissipation across the heater 
structures varied, shown in Table 4-2. As shown in Table 3-3, heaters 1, 2 and 3 accounted 
for 70 – 75% of the total connector-to-connector resistance while heaters 4 – 8 accounted 
for 80 – 85% of the total connector-to-connector resistance. This resulted in 100 – 300 
mW less power being dissipated across heaters 1 – 3, and this is evident in their lower 
temperatures, shown in Figure 4-16, relative to heaters 4 – 8 across all flow rates. 
Table 4-2: Power dissipation across the heater structures for test chips A and B. 
 Test Chip A (W) Test Chip B (W) 
Heater 1 1.48 1.46 
Heater 2 1.46 1.42 
Heater 3 1.41 1.38 
Heater 4 1.64 1.61 
Heater 5 1.67 1.64 
Heater 6 1.69 1.66 
Heater 7 1.72 1.69 
Heater 8 1.73 1.72 
The effect of heater streamwise position along the microchannel heat exchanger was 
examined by normalising the thermal results, presented in Figure 4-16, by the power 
dissipation across the heater structures, as shown in Table 4-2. The thermal resistance 
data in Figure 4-17 show results for test chip A (a) and B (b). Data for both test chips 
indicate that heater temperature is not a function of streamwise position due to; 
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simultaneously developing flow within the microchannel heat exchanger which results in 
similar heat transfer effects for all heaters; and conductive heat spreading through the 
silicon substrate which results in a uniform heat flux thermal boundary condition along 
the solid-fluid interface. 
Heater 3 is seen to have the highest normalised temperature in both Figure 4-17 (a) and 
(b). Figure 4-16 displays heater 3 to have a lower temperature than heaters 4 – 8 but a 
higher temperature than heaters 1 and 2. Table 3-3 reveals heater 3 to account for the 
lowest percentage of the total connector-to-connector resistance of all heaters (~70%), 
which results in ~1.4 W being dissipated across the heater structure. Therefore, when the 
heater temperature is normalised by power, the relative values for heater 3 increase for 
test chips A and B. Similarly, for heater 8, thermal results in Figure 4-16 presents heater 
8 to have a lower temperature than heaters 4 – 7. However, Table 3-3 shows heater 8 to 
account for ~86% of the total connector-to-connect resistance, resulting in ~1.72 W being 
dissipated across the heater surface. When the heater temperature is normalised, the 
resulting thermal resistance is at a minimum for test chips A and B. These results indicate 
Figure 4-17: Heater temperature relative to inlet temperature, normalised by power dissipation 
across the heater structure, as a function of flow rate for test chip A (a) and B (b). 
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that thermal resistance is a function of the proportion of the total connection-to-connector 
resistance contributed by the heater structure. 
An increase in fluid flow rate from 2 ml/min to 20 ml/min resulted in a heater surface 
temperature decrease of ~6 – 10°C for all heaters, as shown in Figure 4-18. Data in Figure 
4-18 were obtained by selecting the first thermal measurement in each test in Figure 4-16 
as a baseline value and plotting all subsequent thermal measurements relative to this 
baseline. The heater temperature decrease due to an increase in fluid flow rate, shown in 
Figure 4-18, is comparable to the results obtained in Section 4.2.3, for all heaters powered 
to 300 mW. Results in Figure 4-18 and Section 4.2.3 indicate that the heater surface 
temperature change due to variations in fluid flow rate, and therefore, convective heat 
transfer, within the microchannel heat exchanger is largely independent of the power 
dissipation across the heater structure and heater position. 
 
Figure 4-18: Heater temperature relative to the initial data point (20 ml/min) as a function of 
flow rate for heaters powering individually to 2 W. Error bars show the standard deviation for 
three repeat tests. 
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Power dissipations shown in Table 4-2 are ~5X greater than a power dissipation of 300 
mW discussed in Section 4.2.3. The heater surface temperature decrease due to an 
increase in fluid flow rate for both cases is ~6 – 12°C. The independence of heater surface 
temperature change from heater position and heater power dissipation indicates that, 
unlike contemporary transceiver PIC laser arrays, Section 1.1, all lasers within a 
microfluidic cooled array will maintain an approximately equal temperature, especially 
at high flow rates (> 12 ml/min), as was shown in Figure 4-12.  
b. Pumping Power 
Pressure-flow (Section 4.2.1) and thermal data for heaters powered to 300 mW (Section 
4.2.3.b) and 2 W (Section 4.2.5.a) show that for an increase in flow rate from 2 ml/min 
to 12 ml/min, a decrease in heater surface temperature of ~8°C occurs, with a resulting 
pressure drop penalty of ~15 kPa. With a further increase in flow rate to 20 ml/min, a 
further decrease in heater temperature of ~1.3°C occurs, which incurs an additional 
pressure drop penalty of ~25 kPa. These values indicate that a compromise must be found 
between thermal performance and pumping requirement to minimise operational costs 
within a data centre application. Figure 4-19 shows the flow thermal resistance as a 
function of pumping power for each heater when powered to 2 W. Thermal resistance is 
calculated as the heater temperature excess over the inlet temperature, normalised by the 
power dissipation across each heater, similar to Figure 4-17. 
Figure 4-19 shows that with an increase in pumping power (operational costs) there is a 
point at which thermal performance (thermal resistance) approximately reaches an 
asymptote. Therefore, increasing pumping power over 3 mW, corresponding to a flow 
rate of 12 ml/min, results in small (~0.6 – 1°C/W) improvements in thermal resistance 
with a corresponding increase in pumping power of ~19 mW. In contemporary 
technology, the low coefficient of performance (< 0.3 [6]) for macro-thermoelectric 
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modules can result in 3 W of energy being required to remove 1 W of thermal energy 
from the transceiver PIC. Results presented in this Section demonstrate that ~3 mW of 
power is sufficient to remove ~2 W of thermal energy within the microchannel heat 
exchanger geometry, however, within a next generation PIC, resistive heaters will 
generate additional heat flux within the transceiver PIC, adding to the thermal challenge. 
As demonstrated in Figure 4-12, a flow rate of 12 ml/min is sufficient to maintain all 
heater surfaces within a tight thermal range (to within 3.5°C) which is postulated to 
greatly reduce the requirement for resistive heaters compared to contemporary 
technology. 
 
c. Heat Transfer 
For testing with a single heater powering to 2 W, the experimental convection heat 
transfer coefficient was calculated as an average along the microchannel heat exchanger 
length. The approximate wall temperature at the solid-fluid interface (?̅?𝑤|𝑥) was 
Figure 4-19: Thermal resistance as a function of pumping power for each heater powered 
individually to 2 W. 
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determined from the recorded thermographs, as explained in Section 3.3.3. Using 
Equation (2-22), the best estimate for the experimental average convective heat transfer 
coefficient was calculated to be ℎ̅ = 31 – 137 kW/m2K. These convective heat transfer 
coefficient values are in the range of the same order of magnitude as, and an order of 101 
higher than, the upper range of h values typically expected in forced liquid convection 
systems (20 kW/m2K [23]). This is due to the thin thermal boundary layer along the length 
of the microchannel heat exchanger. Kim [43], reports average convective heat transfer 
coefficients of 1.5 – 6.8 kW/m2K for fully developed laminar flow in rectangular 
microchannels with hydraulic diameters 155 – 581 µm and aspect ratios of 0.25 – 3.81 
for Reynolds numbers ranging from 30 – 2,500. Kim [43] experimentally determined a 
maximum convective heat transfer coefficient of 12.7 kW/m2K at a Reynolds number of 
1,140 in long rectangular microchannels. The flow Reynolds number examined in this 
thesis was a maximum of 950. 
The short length of the microchannel heat exchanger characterised in this work results in 
hydrodynamically developing flow throughout the microchannel, except for flow rates of 
2 and 4 ml/min, where flow becomes hydrodynamically developed prior to exiting the 
microchannel heat exchanger. Heat transfer is enhanced in the hydrodynamically 
developing region due to hydrodynamic boundary layer development, Figure 2-4. The 
high experimental convective heat transfer coefficient values can also be attributed to the 
ambiguity as to the material being thermally measured by the IR camera in the area 
surrounding the heater structures, the solid-fluid interface or the fluid temperature 
(Section 3.3.3). In Table 3-5, uncertainty in experimental convective heat transfer 
coefficient values is high (± 20 – 155%). This is due to the relatively large uncertainty in 
temperature difference between the fluid and wall temperatures (± 3.3°C), measured by 
the IR camera, relative to the measured values (1 – 13°C). 
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Data presented in Figure 4-17 and Figure 4-18 demonstrate the potential for a rectangular 
microchannel to successfully control high heater temperatures (88°C) and remove heat 
fluxes of ~10 kW/cm2 from a single 30 µm x 700 µm heater structure deposited on a 
silicon substrate, above flow rates of 12 ml/min. At a flow rate of 12 ml/min, pumping 
power requirements are at a minimum (3 mW) while ensuring that heat transfer is 
sufficient to maintain heaters within a tight thermal range (3.5°C, Table 4-1), reducing 
the need for resistive heating within a transceiver PIC laser array. With the low flow rates 
(12 ml/min) and low pressure penalties (15 kPa) achieved, the microchannel heat 
exchanger could be integrated with a micropump to form a thermal control solution for 
next generation transceiver PICs, as set out within the TIPS project. 
4.2.6. Conductive Heat Spreading 
The analytical solution for two-dimensional conduction through the silicon substrate 
beneath the heaters, Section 2.4.4, is applied in this section to determine an appropriate 
approximation for the thermal boundary conditions at the solid-fluid interface, to 
underpin theoretical Nusselt number calculations. The applied parameters (Figure 2-6) 
for use in calculations were; 2a = 30 µm, t = 250 µm, Tꝏ = 25°C, and k = 153 W/m.K 
[49]. The flux channel width (2c) was defined differently for laser structure representative 
characterisation (Section 4.2.3) and increased heater temperature characterisation 
(Section 4.2.5). Two approximations for the convective heat transfer coefficient were 
initially used. Experimental analysis completed by Kim [43], shows the local convection 
heat transfer coefficient to be ~12.7 kW/m2K, while typical convection heat transfer 
coefficients for forced convection in fluids are 50 W/m2K – 20 kW/m2K [23]. Therefore, 
for an initial analysis of conductive heat spreading, a h value of 10 kW/m2K is selected. 
This is a lower bound for the initial applied convective heat transfer coefficient. The upper 
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bound is approximated from experimental calculations completed in this thesis (Sections 
4.2.3 and 4.2.5). Local convective heat transfer coefficient values of 9 – 62 kW/m2K were 
experimentally obtained in Section 4.2.3, while average convective heat transfer 
coefficient values of ~31 – 137 kW/m2K were calculated in Section 4.2.5. Therefore, the 
upper bound for the initial convective heat transfer coefficient was chosen to be 100 
kW/m2K, an order 101 higher than the lower bound. These approximations will allow for 
an estimation of the appropriate thermal boundary conditions experienced within the 
microchannel heat exchanger through heat spreading analysis. 
Two-dimensional conduction analysis was completed for laser structure representative 
characterisation, Section 4.2.3, to determine the approximate thermal boundary 
conditions for local Nusselt number calculations. Each heater, powered to 300 mW, was 
analysed separately, with a flux channel width (2c = 500 µm) incorporating a distance of 
235 µm either side of the heater (30 µm wide), midway to the neighbouring heater, as 
shown in Figure 3-16. The representation of the heat flux at the heater plane (top surface, 
Figure 4-20) shows a step change plot for a single powered heater, with a mean heat flux 
along the 700 µm x 30 µm heater of 10 × 106 𝑊/𝑚2. Two-dimensional conduction 
analysis, through the silicon substrate, with an assumed convective heat transfer 
coefficient of 10 kW/m2K (the lower bound), shows that at the bottom surface (the solid-
fluid interface), the heat flux distribution is approximately uniform, 6 × 105 𝑊/𝑚2 with 
a range of 1 × 103 𝑊/𝑚2 across the entire flux channel, as illustrated in Figure 4-20. 
This is an indication that there is sufficient heat spreading through the silicon substrate to 
underpin an assumption of uniform heat flux boundary conditions at the solid-fluid 
interface. Using Equation (2-16), the theoretical heater surface average temperature was 
calculated to be ~184°C, far exceeding the measured heater temperatures in Section 4.2.3. 
This is believed to be due to the assumed h value of 10 kW/m2K underestimating the 
experimental conditions and the assumption of adiabatic conditions at the periphery of 
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the flux channel, which is not thought to be a true case due to heat spreading through the 
silicon substrate. 
Increasing the convective heat transfer coefficient to 100 kW/m2K (the upper bound), 
indicates that uniform heat flux thermal boundary conditions at the solid-fluid interface 
can also be assumed, with a mean heat flux value at the bottom surface of 6 × 105 𝑊/𝑚2, 
and a range of 1 × 104 𝑊/𝑚2. Heat flux results for a convective heat transfer coefficient 
of 100 kW/m2K show a similar trend to those shown in Figure 4-20 – a straight line at the 
bottom surface. The heat source average temperature was calculated to be 75.9°C for a 
convective heat transfer coefficient of 100 kW/m2K, a decrease of > 100°C compared to 
a convective heat transfer coefficient of 10 kW/m2K for the same geometric parameters, 
closer to the true heater surface temperature (38 – 45°C, Figure 4-11). 
The assumption of symmetry at the side boundaries of the area of interest in the completed 
two-dimensional conduction analysis imposes a stipulation that no heat spreading occurs 
between neighbouring heaters. However, due to the extent of heat spreading across the 
flux channel, shown in Figure 4-20, these are not believed to be the true boundary 
Figure 4-20: Heat flux distributions for the top and bottom surfaces of the silicon substrate with 
a 700 µm x 30 µm strip heater dissipating 300 mW at the top surface and a convective heat 
transfer coefficient value of 10 kW/m2K. 
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conditions. To examine the limitations of thermal cross talk between neighbouring 
heaters, the flux channel width (2c) was incrementally increased from 500 – 4,800 µm 
for h values of 10 and 100 kW/m2K. For a single heater powering to 300 mW and a h 
value of 10 kW/m2K, an increase in 2c from 500 – 4,800 µm resulted in a heater surface 
temperature decrease of 97.5°C. At a flux channel width of 2c = 4,800 µm, the heat source 
temperature was continuing to decrease. With a further increase in flux channel width, 
the heat source temperature was found to be a minimum at 2c = 7,000 µm. Similar 
analysis (incrementally increasing 2c), with a convective heat transfer coefficient value 
of 100 kW/m2K, showed thermal cross talk between neighbouring heaters to be 
diminished at a flux channel width of 1,700 µm, with a heat source temperature decrease 
of ~4.7°C, as shown in Figure 4-21. 
Results in Figure 4-21 indicate towards a spacing between heat sources of 1,700 µm being 
required to minimise thermal cross talk. However, from experimental results (Figure 
4-12), thermal cross talk between neighbouring heaters does not affect heater surface 
Figure 4-21: Heat source average temperature as a function of flux channel width for a single 
heater powered to 300 mW and a convective heat transfer coefficient of 100 kW/m2K. 
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temperatures at sufficient flow rates. Therefore, a convective heat transfer coefficient 
value of 100 kW/m2K is postulated to be below the true experimental conditions. 
Increasing the flux channel width (2c) from 500 µm to 4,800 µm was not found to affect 
the assumption of uniform heat flux at the solid-fluid interface for h values of 10 – 100 
kW/m2K. 
By incrementally increasing 2c from 500 – 4,800 µm for h values of 10 and 100 kW/m2K, 
the effects of heat spreading through the silicon substrate are seen. At a low h value (10 
kW/m2K), lateral heat spreading is seen to dominate, as increasing the value of 2c 
continues to affect the heat source temperature, decreasing it by > 97°C. For a h value of 
100 kW/m2K, one-dimensional heat transfer towards the cooling fluid dominates as an 
increase in the flux channel width from 500 – 4,800 µm causes a < 5°C change in heat 
source temperature. Therefore, larger convective heat transfer coefficients minimise heat 
spreading by reducing the thermal resistance to one-dimensional heat transfer as per 
Equation (2-18). 
Conductive heat spreading analysis for heaters powered to 300 mW indicate that a thermal 
boundary condition of uniform heat flux at the solid-fluid interface was an appropriate 
approximation for convection heat transfer coefficients in the range of h = 10 – 100 
kW/m2K. The assumption of uniform heat flux thermal boundary conditions will be used 
during dimensionless analysis, Section 4.2.7, to determine appropriate correlations for the 
calculations of theoretical local Nusselt numbers and, by extension, the calculation of 
theoretical local convective heat transfer coefficients. 
Conductive heat spreading analysis for increased heater temperature characterisation, 
Section 4.2.5, determined the appropriate thermal boundary conditions for the calculation 
of the average theoretical and experimental Nusselt numbers and convective heat transfer 
coefficients. To examine the extent of heat spreading through the silicon substrate, the 
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full length of the microchannel heat exchanger (4,800 µm) was considered as the flux 
channel width (2c). A central heater, powered to 2 W, subject to a fluid-side convective 
heat transfer coefficient of 10 kW/m2K, was analysed. A maximum heat flux of 
67 × 106 𝑊/𝑚2 was imposed on the top surface which, at the solid-fluid interface, was 
reduced to an average of 833 × 103 𝑊/𝑚2, with a range of 332 × 103 𝑊/𝑚2 along the 
length of the microchannel heat exchanger. The range in heat flux at the solid-fluid 
interface is large compared to the mean heat flux at the solid-fluid interface (40%) 
however, when compared to the heat flux at the top surface, it is small (0.5%), allowing 
for an approximation of uniform heat flux conditions at the solid-fluid interface. Using 
Equation (2-18), the temperature of the heat source was calculated to be ~434°C, far 
exceeding IR measured values, demonstrating that the heat transfer capabilities of the 
cooling fluid exceeds initial estimations (h = 10 kW/m2K). Calculated heat source 
temperatures may also exceed experimentally measured values due to the two-
dimensional conditions of the heat spreading analysis. Within the microfluidic test chip, 
heat spreading can occur in three dimensions which is not captured within the completed 
analysis. 
An increase in the convective heat transfer coefficient to 100 kW/m2K results in a 
breakdown in the assumption of uniform heat flux thermal boundary conditions along the 
full length of the microchannel heat exchanger, as shown in Figure 4-22. The increase in 
h was calculated to result in a decrease in heat source temperature to ~333°C. At the 
bottom surface, the average heat flux was 233 × 103 𝑊/𝑚2 with a heat flux range of 
4.3 × 106 𝑊/𝑚2 (bottom surface, Figure 4-22), which is 6% of the maximum heat flux 
at the heater surface (67 × 106 𝑊/𝑚2) and is sufficient to suggest that uniform heat flux 
conditions cannot be assumed. This results in an uncertainty in the calculation of the 




Because the thermal control and stability of an array of lasers is of utmost importance for 
the success of the TIPS technology, the uncertainty in the true thermal boundary 
conditions experienced during testing are not of primary significance. Thermal control of 
the lasers has been shown to occur at flow rates > 12 ml/min (Section 4.2.3.b), due to the 
preferred heat transfer path being directly to the solid-fluid interface, instead of spreading 
laterally throughout the silicon substrate. This is caused by a reduction in the resistance 
to one-dimensional heat spreading through the silicon substrate into the fluid (Figure 2-7), 
due to increased convective heat transfer coefficient (Equation (2-18)). These findings 
echo results in Sato and Murakami [15], who investigated the effects of heat sink material 
on thermal cross talk in a laser array, concluding that a heat sink material with increased 
thermal conductivity results in reduced thermal cross talk between neighbouring lasers. 
The assumption of uniform heat flux thermal boundary conditions allows the use of 
Equations (1-16) and (2-11) for the calculation of local Nusselt numbers in laser structure 
Figure 4-22: Heat flux distributions for the top and bottom surfaces of the silicon substrate with 
a 700 µm x 30 µm strip heater dissipating 2 W at the top surface and a convective heat transfer 
coefficient value of 100 kW/m2K. The increased convective heat transfer coefficient results in the 
breakdown of the assumption of uniform heat flux boundary conditions at the solid-fluid interface. 
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representative characterisation. Uniform heat flux conditions are also assumed for 
theoretical average Nusselt number calculations, Equations (1-6), (1-8) and (1-9), 
utilising the thermal data from the increased heater temperature characterisation, although 
from two-dimensional conduction analysis, there is uncertainty in the boundary 
conditions, which will be further discussed in Section 4.2.7.c. The appropriateness of 
uniform heat flux thermal boundary conditions assumptions will be examined for 
theoretical convective heat transfer coefficients, calculated from Nusselt number 
correlations (Section 4.2.7.a). 
4.2.7. Dimensionless Analysis 
Local and average theoretical Nusselt numbers were calculated using correlations 
presented in Section 1.3 with assumed uniform heat flux thermal boundary conditions. 
These values were then utilised to calculate the local and average theoretical convective 
heat transfer coefficients, Equations (2-23) and (2-3) respectively, for the appropriate 
flow regime within the examined microchannel heat exchanger. Experimental Nusselt 
numbers were calculated from the experimental convective heat transfer coefficients, as 
presented in Section 4.2.3 (local Nusselt number), and Section 4.2.5 (average Nusselt 
number). Section 4.2.6 assessed the appropriateness of uniform heat flux boundary 
condition approximation for heat transfer analysis with initial h values of 10 and 100 
kW/m2K. The true thermal boundary conditions are postulated to lie between uniform 
heat flux and strip heating conditions, both of which will be addressed in this section. 
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a. Theoretical Analysis 
Theoretical dimensionless analysis was completed using correlations presented in Section 
1.3, results of which were used to determine the local and average heat transfer effects 
within the studied flow regime. 
Local: Theoretical local Nusselt numbers were calculated using correlations set out in 
Equations (2-11) and (1-16) for thermally and simultaneously developing flow 
respectively. The local theoretical Nusselt numbers, for laser structure representative 
characterisation (Section 4.2.3), with uniform heat flux boundary conditions, as a function 
of x, the axial distance into the microchannel heat exchanger, are shown in Figure 4-23 
for the range of Reynolds numbers studied in this thesis. 
Local Nusselt numbers were calculated for 50 𝜇𝑚 < 𝑥 < 4,800 𝜇𝑚 to ensure partial 
development of the thermal boundary layer, avoiding infinite local Nusselt number values 
near the entrance to the microchannel heat exchanger (𝑥 = 0 𝜇𝑚). The Nusselt number 
Figure 4-23: Theoretical local Nusselt number values as a function of axial distance, x, into the 
microchannel heat exchanger for a range of Reynolds numbers under approximated uniform 
heat flux heating conditions. 
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is shown to decay rapidly as the thermal boundary layer develops. At the exit of the 
microchannel heat exchanger, local Nusselt number values of 5 – 17 were achieved. A 
fully developed Nusselt number of 4.12 is presented by Incropera and De Witt [52], for a 
rectangular duct of aspect ratio 0.5 with uniform heat flux heating conditions; hence, it is 
apparent that flow does not become fully thermally developed within the microchannel 
heat exchanger, as calculated in Equation (2-9). A step-change is seen in local Nusselt 
number results for Reynolds numbers of 93 and 186 (corresponding to flow rates of 2 and 
4 ml/min), in Figure 4-23. This step-change is due to flow becoming fully 
hydrodynamically developed within the microchannel heat exchanger and the flow 
regime transitioning from simultaneously developing (Equation (1-16)) to thermally 
developing flow (Equation (2-11)).  
Using the correlated theoretical local Nusselt numbers, presented in Figure 4-23, values 
for the theoretical local convective heat transfer coefficient (hx) were calculated using 
Equation (2-23). Local convective heat transfer coefficient values were calculated to be 
at a maximum of 232 kW/m2K within 50 µm of the microchannel heat exchanger 
entrance. However, these values rapidly decayed as the thermal boundary layer 
developed, and a minimum convection heat transfer coefficient of 8 kW/m2K was 
calculated at the exit of the microchannel heat exchanger. 
Average: The theoretical average Nusselt number for simultaneously and thermally 
developing flow was calculated using the correlations put forward by Stephan [51] 
(Equation (1-6)) and Shah and London [52] (Equations (1-8) and (1-9)), respectively, for 
comparison with experimental results for the increased heater temperature 
characterisation, Section 4.2.5. Theoretical average Nusselt number results are shown as 
a function of Reynolds number in Figure 4-24. The theoretical average Nusselt number 
values across the range of Reynolds numbers (93 – 931) examined in this thesis are 7 – 
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17. The theoretical average convection heat transfer coefficient was calculated from the 
above Nusselt number values using Equation (2-3) to be 11 – 28 kW/m2K. 
Two-Dimensional Conduction: Two-dimensional conductive heat spreading analysis 
was completed (Section 4.2.6) to examine if the assumed uniform heat flux thermal 
boundary conditions remain appropriate for the calculated theoretical local (8 – 232 
kW/m2K) and average (11 – 28 kW/m2K) convective heat transfer coefficients. For the 
range of local convective heat transfer coefficients, calculated from theoretical local 
Nusselt number values, with a single heater powered to 300 mW and a 500 µm flux 
channel width (2c), the average heat source temperature was found to be ~69 – 214°C. 
Uniform heat flux boundary conditions were found to remain the appropriate 
approximation for the flow regime with a heat flux range at the bottom surface that was 
0.3% of the maximum heat flux at the top surface. Incrementally increasing the flux 
channel width from 500 µm to 4,800 µm with a h value of 232 kW/m2K, showed the 
heater surface average temperature to decrease by less than 1°C, remaining at ~69°C. 
From experimental analysis (Section 4.2.3), absolute heater surface temperatures were 
Figure 4-24: Average Nusselt number as a function of Reynolds number, calculated using 
correlations set out in the literature, for the geometry and flow rates addressed in this thesis. 
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measured to range from 29 – 45°C, lower than the 69°C theoretically calculated. This 
result suggests that the heat transfer coefficient experimentally recorded exceeds the 232 
kW/m2K theoretical value. 
Theoretical average convective heat transfer coefficients were calculated to range from 
11 – 28 kW/m2K, an order of magnitude 101 lower than the upper bound of the assumed 
conditions in Section 4.2.6. Two-dimensional conductive heat spreading analysis was 
completed for a single, central heater powered to 2 W and a flux channel width of 4,800 
µm, the length of the microchannel heat exchanger. Conductive heat spreading analysis 
showed the average heater surface temperature to be 425.7°C and 371.4°C for h values 
of 11 and 28 kW/m2K respectively, similar to that calculated in Section 4.2.6 for a h value 
of 10 kW/m2K. At a convective heat transfer coefficient of 28 kW/m2K, the heat flux at 
the bottom surface, at the solid-fluid interface had a range of 1.35 MW/m2, 2% of the 
maximum heat flux at the heater surface. As with the conductive heat spreading analysis 
in Section 4.2.6, the assumption of a uniform heat flux boundary condition at the solid-
fluid interface begins to break down with increased convective heat transfer coefficient 
values and increased flux channel width. 
Experimental heater surface temperatures ranged from 71 – 88°C (Section 4.2.5), much 
lower than the theoretically calculated values (371 – 425°C). This indicates towards an 
estimated h value of 28 kW/m2K to be lower than the true experimental conditions. Higher 
experimental h values will also cause a further breakdown in the assumption of uniform 
heat flux boundary conditions at the solid-fluid interface. 
b. Experimental Analysis 
Experimental Nusselt number values for laser structure representative characterisation 
(Section 4.2.3) and increased heater temperature characterisation (Section 4.2.5) were 
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calculated from previously presented convective heat transfer coefficient values (Sections 
4.2.3 and 4.2.5) and Equation (2-23). 
Local: From the completed experimental analysis (Section 4.2.3) the local experimental 
heat transfer coefficient was calculated to be in the range of 9 – 62 kW/m2K. From these 
values, the local experimental Nusselt numbers were calculated to range from 5 – 37, 
within the range of theoretical local Nusselt number values (5 – 137). Figure 4-25 shows 
local experimental Nusselt number values for flow rates of 2 ml/min, 12 ml/min and 20 
ml/min as a function of position along the microchannel heat exchanger. Local Nusselt 
number values are shown to decrease with increased distance into the microchannel heat 
exchanger due to thermal boundary layer development. At higher flow rates, the Nusselt 
number is shown to be higher, consistent with expected Nusselt-Reynolds behaviour. 
Theoretical local Nusselt numbers exceed experimental values as, experimental values 
are derived at a distance 235 µm before the leading edge of heater 1 (a distance 630 µm 
Figure 4-25: Local experimental Nusselt number as a function of position, x, along the 
microchannel heat exchanger. Nusselt number values for flow rates of 2 ml/min, 12 ml/min and 
20 ml/min are shown. 
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into the microchannel heat exchanger), while, the upper limits of the theoretical local 
convective heat transfer coefficient and Nusselt number are calculated at a distance 50 
µm into the microchannel heat exchanger. At a distance 630 µm into the microchannel 
heat exchanger, the theoretical local convective heat transfer coefficient values and 
Nusselt numbers have decayed to 39 – 111 kW/m2K and 23 – 65 respectively, within 
which the upper limits of the experimental values lie (Table 4-3). Experimental 
uncertainty in the material being thermally measured (Section 3.2.2.a) between the 
heaters adds to the discrepencies found between experimental and theoretical values. 
Theoretical and experimental local convective heat transfer coefficients and Nusselt 
numbers are presented in Table 4-3 for comparison. 
Average: Average experimental Nusselt number values for increased thermal target 
testing were calculated from experimental average heat transfer coefficients presented in 
Section 4.2.5 (31 – 137 kW/m2K) to range from 18 – 82. The average experimental 
Nusselt numbers are shown in Figure 4-26 as a function of Reynolds number for all 
heaters in the array. Experimental results were up to a magnitude 101 higher than the 
correlations of Stephan [51] and Shah and London [52] (Figure 4-24). The Nusselt 
number data presented in Figure 4-26 follow a power law trend proportional to Re0.4 for 
all heater structures. This result is in approximate agreement with correlations proposed 
by Stephan (Equation (1-6)) [51], Hausen (Equation (1-7)) [23] and Shah and London 
(Equation (1-8)) [52]. 
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Experimental and theoretical results for average Nusselt number and average convection 
heat transfer coefficient (shown in Table 4-3 for comparison) vary due to the use of 
correlations derived for macroscale flows, uncertainties surrounding the thermal 
boundary layer conditions and uncertainties in the material being recorded between the 
heater structures (Section 3.2.2.a). Within the literature, there are deviations between 
macroscale correlations and microscale experimental studies [43], while similar 
microscale studies continue to report contradictory results [93]. Studies by Wu and Little 
[38], Yu et al. [94] and Mala and Li [95], cited in Owhaib and Palm [96], found deviations 
in critical Reynolds numbers, convective heat transfer coefficients and the applicability 
of Nusselt number correlations for macroscale flow regimes to microscale systems. 
Experimental analysis completed by Harms et al. [40], found experimental Nusselt 
numbers for deep rectangular microchannels to be ~10 – 30% higher than conventional 
correlations for all flow rates. Therefore, the application of macroscale correlations to a 
microfluidic system may not accurately capture the heat transfer and fluid flow effects. 
Figure 4-26: Experimental Nusselt number values as a function of Reynolds number with each 
heater individually powered to 2 W. 
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Table 4-3: Theoretical and experimental results for local and average convective heat transfer 
coefficients and Nusselt numbers. 
 Theoretical Experimental 
Local Nu 5 –  137 5 –  37 
Local h 8 –  232 𝑘𝑊/𝑚2𝐾 9 –  62 𝑘𝑊/𝑚2𝐾 
Average Nu 7 –  17 18 –  82 
Average h 11 –  28 𝑘𝑊/𝑚2𝐾 31 –  137 𝑘𝑊/𝑚2𝐾 
Theoretical heat transfer calculations were completed with the assumption of uniform 
heat flux along the length of the microchannel heat exchanger. However, as shown via 
conduction heat spreading analysis, Section 4.2.6, the heat lateral spreading through the 
silicon substrate, especially at higher h values, is not sufficient to induce true uniform 
heat flux boundary conditions. This imperfect heat spreading is expected to result in 
higher temperatures at the solid-fluid interface at positions below heaters, yielding higher 
h values in the experimental results. The true thermal boundary condition at the solid-
fluid interface is unknown, but is thought to lie between two limiting conditions, which 
are further discussed in the following subsection.  
c. Limiting Conditions 
As previously discussed, the thermal boundary condition at the solid-fluid interface is 
unknown, but it is thought to lie between two limiting conditions: a continuous heater 
along the top layer of silicon with heat spreading through the silicon substrate (uniform 
heat flux) and strip heating conditions in which the heater structures are situated in direct 
contact with the fluid, as addressed in Bejan [49], Section 2.4.2. Uniform heat flux 
conditions have been assumed throughout this thesis and, in the context of this 
assumption, theoretical local Nusselt number results as a function of position, x, are 
presented in Figure 4-23. 
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For strip heating boundary conditions, the heaters are effectively in direct contact with 
the working fluid (Figure 2-5). Equation (2-13) was used in conjunction with Equations 
(2-11) and (1-16) to calculate the local theoretical Nusselt number for strip heating 
thermal boundary condition, as a function of position, x, along the microchannel, for 
constant Reynolds number values, presented in Figure 4-27. 
Figure 4-27 shows that an increase in Nusselt number is seen at the leading edge of heater 
1, 𝑥 = 630 𝜇𝑚, due to the beginning of the development of a thermal boundary layer. At 
this point, a maximum theoretical convection heat transfer coefficient and Nusselt number 
are calculated to be 147 kW/m2K and 88, respectively. This thermal boundary layer 
develops along the 30 µm width of the heater, after which there is a thermal step change 
at the trailing edge of the heater, 𝑥 = 660 𝜇𝑚. At this point, the local Nusselt number 
becomes negative as heat convects from the fluid to the wall [49]. This thermal boundary 
layer continues to develop until the leading edge of heater 2, at which point the process 
is replicated for the eight powered heaters crossing the microchannel heat exchanger. 
Also, of note in Figure 4-27, is the decrease in Nusselt number at the leading edges of the 
Figure 4-27: Local Nusselt number as a function of distance along the microchannel heat 
exchanger for a strip heating boundary condition at constant Reynolds numbers. 
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heaters as the distance into the microchannel heat exchanger increases. This echoes Figure 
4-23, which shows a decrease in Nusselt number with increasing distance into the 
microchannel heat exchanger, due to thermal boundary layer development. 
The variation between theoretical and experimental convection heat transfer coefficients 
and Nusselt numbers, shown in Table 4-3, are thought to be a result of the uncertainty in 
the thermal boundary condition at the fluid-solid interface, uncertainties in the material 
between the heater structures that was recorded in thermographs, and deviations between 
macroscale correlations and microscale results. For the investigation completed in this 
thesis, the thermal data presented in Sections 4.2.3 and 4.2.5 is of the most relevance. 
Despite the uncertainties in the thermal boundary conditions and associated inaccuracies 
in heat transfer results, experimental heater surface temperature results show a 
microchannel heat exchanger to be sufficient for thermal regulation of a laser array within 
a transceiver PIC. 
4.2.8. Thermal Cross Talk 
Due to the extensive heat spreading throughout the highly thermally conductive silicon 
substrate (k = 153 W/m.K [49]), thermal cross talk between neighbouring heater 
structures appears to be prevalent, especially at lower flow rates (< 12 ml/min). Unlike 
contemporary air-cooled transceiver PIC architectures, the characterised microchannel 
heat exchanger, at a sufficient flow rate (> 12 ml/min), does not result in significant 
thermal variations between lasers within an array [97], as shown in Figure 4-12. Improved 
microfluidic cooling results in all heaters maintaining a similar temperature, to within 
3.5°C (Table 4-1) which, therefore, will reduce the requirement for additional power 
consumption associated with resistive heaters within a transceiver PIC. As stated in [14], 
the reduction in power output from resistive heaters and the macroTEC will reduce the 
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power consumption within a data centre application as a whole. To further investigate the 
effects of heat spreading on neighbouring heater structures, the applicability of thermal 
superposition to the characterised system, when cooled by the microchannel heat 
exchanger, was examined. 
To this end, the surface temperature of two central heaters of test chip B, heater 5 and 
heater 6, were measured under three heating conditions: when the heater of interest was 
powered to 1 W; when the neighbouring heater was powered to 1 W; and when both 
heaters were powered to 1 W simultaneously. Thermal superposition results were 
determined by summing the surface temperature of the heater of interest when: the heater 
of interest was powered; and when the neighbouring heater was powered. Thermal 
measurements of the surface of heater 5 as a function of flow rate are shown in Figure 
4-28 (a) for; heater 5 powered to 1 W (×), heater 5 and heater 6 powered to 1 W 
simultaneously (+), and superposition results (𝑂). Figure 4-28 (b) shows equivalent 
results for the surface of heater 6. 
Thermal data presented in Figure 4-28 reveals all thermal measurements for heater 6 
(Figure 4-28 (b)) to be higher than thermal measurements for heater 5 (Figure 4-28 (a)). 
This trend, also seen in Figure 4-16, is due to varying power dissipations across the heater 
structures because of the different contributions of the heater structure resistance to the 
total connector-to-connector resistance on the test chip (Table 3-3). The normalisation of 
the heater temperature by the power dissipation across the heater structure, shown in 
Figure 4-17 (b), also demonstrates this effect. 
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Similar to thermal data in Figure 4-11 and Figure 4-16, heater surface temperature 
decreases with an increase in flow rate and, above a flow rate of ~12 ml/min, heat transfer 
enhancements begin to diminish. Thermal data for both heaters show superposition 
measurements (𝑂) to exceed the thermal results for the heater of interest powered (×) and 
for both heaters powered simultaneously (+). This is due to thermal cross talk between 
Figure 4-28: Heater temperature relative to inlet temperature as a function of flow rate for 
superposition testing. Results show the thermal effects on heaters 5 (a) and 6 (b) of; the individual 
heater powering to 1 W (×), heater 5 and heater 6 powering to 1 W simultaneously (+), and the 
summation of the heater surface temperature when it is powered and when the neighbouring 





neighbouring heaters, caused by heat spreading throughout the silicon substrate, which 
increases the surface temperature of the unpowered heater and, therefore, increases the 
superposition summation for all flow rates. Thermal cross talk between neighbouring 
heater structures does not affect heater surface temperature when both heaters are 
powered simultaneously at increased flow rates (> 12 ml/min). This is due to the 
convective heat transfer from the solid-fluid interface being sufficient to reduce the 
thermal resistance to one-dimensional conduction, diminishing the effects of lateral heat 
spreading, maintaining the heater surface temperature of powered heaters to similar 
temperature values, within 3.5°C, as shown in Table 4-1, showing that thermal cross talk 
between neighbouring heater structures is minimised at higher flow rates. 
The thermal effect of an increase in flow rate on each heater surface when the heater of 
interest is powered (×), and when both heaters are powered (+), is of interest in Figure 
4-28. At lower flow rates (< 12 ml/min), the surface temperatures of heater 5 and heater 
6 are elevated by ~4°C when both heaters are powered (+). At higher flow rates (> 12 
ml/min), heater surface temperatures are similar, within 0.5°C, when the heater of interest 
is powered (×) and when both heaters are powered (+). This is further illustrated in Figure 
4-29. The temperature distribution at the solid-fluid interface and across the heater 
surface, in the flow direction is plotted for heater 5 powered to 1 W, heater 6 powered to 
1 W and both heaters powered to 1 W simultaneously. Results are shown for flow rates 
of 2 ml/min (a) and 20 ml/min (b). 
At a flow rate of 2 ml/min (Figure 4-29 (a)), the increased thermal spreading through the 
silicon substrate is seen to elevate the fluid temperature at the solid-fluid interface by 4 – 
10°C, compared to a flow rate of 20 ml/min (Figure 4-29 (b)) for all heating conditions. 
Increased power dissipation (both heaters powered) is seen to increase the fluid 
temperature at the solid-fluid interface by ~4°C compared to when heater 5 and heater 6 
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are powered individually, similar to the results presented in Figure 4-28. Increased fluid 
temperature is also a result of non-negligible power dissipation along the connecting 
traces which also increases the bulk test chip temperature. 
Figure 4-29 (b) illustrates that at a flow rate of 20 ml/min, heater surface temperatures are 
within 0.2°C for heater 5 and heater 6 powered individually and both heaters powered 
simultaneously. This is due to the increase in the convective heat transfer coefficient 
above a flow rate of ~12 ml/min, causing the preferred conduction heat spreading path 
through the silicon substrate to be directly towards the solid-fluid interface (one-
Figure 4-29: Temperature plot along the centre of the microchannel heat exchanger showing the 






dimensional heat spreading), reducing the lateral heat spreading through the silicon 
substrate and, therefore, diminishing the effect of thermal cross talk between 
neighbouring heaters. 
Superposition results show that at a sufficient flow rate (> 12 ml/min), the effects of 
thermal cross talk between neighbouring heater structures is greatly diminished. When a 
heater structure is powered, the thermal effects of neighbouring heaters become 
negligible, and all powered heaters within an array maintain a similar temperature profile. 
This indicates that laser temperatures in a transceiver PIC laser array could be 
significantly independent of adjacent laser structures when cooled by the microchannel 
heat exchanger at a sufficient flow rate (> 12 ml/min). 
4.3. Closure 
Thermal characterisation of the active III/V laser device showed an increase in laser 
surface temperature with power dissipation of 47.8°C/W. Thermal characterisation results 
were used as the baseline for the thermal-hydraulic characterisation of a 500 µm x 250 
µm rectangular microchannel heat exchanger, with water as the working fluid. Thermal 
characterisation was carried out by powering eight heaters to 300 mW simultaneously, 
and single heaters to 2 W, with thermal measurements completed using IR thermography. 
Thermal results and heat transfer analysis showed that above a flow rate of ~12 ml/min, 
sufficient convective heat transfer occurs for heaters within the array to hold an 
approximately equal temperature (within 3.5°C). Two-dimensional conduction analysis 
showed uniform heat flux to be an appropriate approximation for thermal boundary 
conditions at lower convective heat transfer coefficient values (~10 kW/m2K). Analysis 
of thermal superposition of two adjacent powered heaters showed that flow rates > 12 
ml/min were sufficient to maintain similar heater surface temperatures for powered 
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heaters. A flow rate of 12 ml/min was found to minimise pumping power requirements 
(~3 mW) while successfully maintaining heater surface temperatures within an array to 
within ± 3.5°C. Therefore, the results presented in this thesis indicate that a microchannel 
heat exchanger has potential to be a successful thermal management solution for next 







5. Conclusions and 
Recommendations 
This thesis addressed the thermal and hydraulic characterisation of a microchannel heat 
exchanger for use as a thermal control solution in next generation transceiver PICs. An 
active III/V laser device was characterised to determine a thermal baseline for the 
characterisation of the microchannel heat exchanger. Thermal measurements were 
recorded using IR thermography, and hydraulic measurements were carried out using a 
flow meter, manometry and temperature sensors. The main experimental findings and 
recommendations for future work are presented in this chapter. 
5.1. Conclusions 
The conclusions drawn from the experimental analysis completed in this thesis are 
presented in this section for the characterisation of the active III/V laser and the 
microchannel heat exchanger. 
5.1.1. Active III/V Laser Characterisation 
An active InP III/V laser device, of planar dimensions 100 µm x 600 µm, was thermally 
characterised to determine a thermal baseline for microchannel heat exchanger testing. 
Temporal testing was carried out to determine the off-on-off transient response of the 
laser device across a range of powers, (0 – 468 mW), and the necessary thermal settling 
period required for thermally steady-state conditions. The power-temperature relationship 
of the III/V laser device was then examined via thermal characterisation. To investigate 
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the potential for thermal spreading, the spatial temperature profile of the III/V laser 
surface was recorded. 
• Temporal testing of the active III/V laser device showed that the off-on-off 
thermal response of the laser structure occurred too quickly for the IR camera to 
accurately record (22°C temperature change in a single frame). A minimum 
settling time of 3 minutes was found to be sufficient to ensure that steady-state 
thermal conditions were reached. 
• The relationship between the laser structure temperature and dissipated power was 
found to be linear, ~47.8°C/W, over a power range of 0 – 375 mW. Repeatability 
and reproducibility testing showed results to be within 4.0°C/W and 3.4 – 
7.4°C/W respectively. 
• Thermal characterisation revealed that a heat flux of 166 – 500 W/cm2, across the 
600 µm x 100 µm laser surface, induced an average laser device surface 
temperature increase of 4 – 12°C above ambient. 
• The spatial temperature variations in the X- and Y- directions across the laser 
surface were measured to be 27% and 4% of the mean laser surface temperature 
respectively, indicating the potential for thermal cross talk to occur within 
contemporary transceiver PIC technology.  
Active laser thermal characterisation results determined a baseline for the heat fluxes to 
be removed (166 – 500 W/cm2) and thermal changes (4 – 12°C above ambient) to be 




5.1.2. Microchannel Heat Exchanger Characterisation 
Thermal-hydraulic characterisation was carried out on a 250 µm x 500 µm x 4,800 µm 
rectangular microchannel heat exchanger for flow rates ranging from 2 – 20 ml/min (Re 
= 93 – 931) to determine its viability for use in next generation transceiver PICs. Eight 
heaters, crossing the microchannel heat exchanger perpendicular to the flow direction, 
were powered simultaneously to 300 mW (for laser structure representative 
characterisation) and individually to 2 W (for increased heater temperature 
characterisation), in order to examine flow rate effects on an array of heaters and to 
improve IR thermography resolution respectively. Thermal spreading through the 
microfluidic test chip silicon substrate, and its thermal influence on neighbouring heaters 
was examined across the full range of flow rates. Differential pressure measurements 
were compared to theoretical calculations, thermal results were determined from 
thermographs, and heat transfer results were calculated from correlations set out in the 
literature. 
• Experimental and theoretical pressure-flow data across the microfluidic test chip 
– chip inlet to chip outlet – followed a second-degree polynomial relationship. 
Experimental results had an R2 residual value of 0.9993 and were at a maximum 
of ~40 kPa at a flow rate of 20 ml/min (Re = 931). Theoretical and experimental 
pressure drop data were found to be within 7 kPa (~18% of the maximum 
experimental pressure drop) across all flow rates. 
• Analysis of the theoretical pressure drop data showed the entrance and exit 
microchannels to contribute 21% and 45% of the total pressure drop across the 
microfluidic test chip. The microchannel heat exchanger was calculated to 
contribute 29% (12 kPa) to the total pressure drop. 
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• Thermal data recorded by thermocouples throughout testing demonstrated steady-
state thermal conditions, within 1°C, for the fluid inlet, surroundings and the chip 
holder base across all flow rates. The fluid temperature difference between the 
chip outlet and chip inlet was found to be inversely proportional to flow rate. 
• For a heater power dissipation of 300 mW, an increase in fluid flow rate from 2 
ml/min to 20 ml/min resulted in a decrease in heater surface temperature of ~10 – 
12°C, for all heater structures. For testing with a single heater powered to 2W, 
heater surface temperature was also found to be inversely proportional to fluid 
flow rate (~6 – 12°C decrease over an increase in flow rate from 2 ml/min to 20 
ml/min). Heater structure temperature changes were noted to be largely 
independent of power dissipation level and streamwise heater position, due to the 
thin thermal boundary layers associated with simultaneously developing flow 
conditions along the full length of the microchannel heat exchanger (for flow 
rates > 4 ml/min). 
• Thermal cross talk between neighbouring heaters was found to be at a minimum 
for flow rates > 12 ml/min, with all heater structures maintaining similar surface 
temperatures, to within ~3.5°C. These results indicate that a microchannel heat 
exchanger could reduce the need for resistive heaters (to achieve thermal control 
of individual lasers) and, therefore, reduce the power consumption within a 
transceiver PIC. 
• The thermal resistance of the heat transfer path from the heaters to the cooling 
fluid was found to reach an approximate asymptote at a pumping power 
requirement of ~3 mW, corresponding to a fluid flow rate of ~12 ml/min. A further 
increase in flow rate, to 20 ml/min, saw heat transfer enhancements diminish, 
however, pumping power requirements continued to increase significantly; an 
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increase in pumping power requirements of > 19 mW was required to induce a 
~0.6 – 1°C/W decrease in thermal resistance. 
• Experimental results for the local Nusselt number were within approximate 
agreement (same order of magnitude) as theoretical results for a distance, x, into 
the microchannel heat exchanger. 
• Experimental average Nusselt number results exceeded theoretical values (~4X 
greater). This was due to uncertainties in the thermal boundary conditions and 
deviations between macroscale correlations and microscale experimental studies, 
as well as uncertainties in the surface temperature recorded by the IR camera in 
the area around the heater surface – the fluid temperature at the solid-fluid 
interface or the silicon substrate temperature. Average experimental Nusselt 
number data was found to correlate with Re0.4, in approximate agreement with 
correlations proposed within the literature. 
• A superposition analysis showed thermal cross talk between neighbouring 
powered heaters to be negligible for flow rates above 12 ml/min (neighbouring 
powered heaters were within 0.2°C), indicating towards reduced requirements for 
resistive heaters in a liquid cooled transceiver PIC. 
The thermal-hydraulic characterisation of the rectangular microchannel heat exchanger 
shows its potential for laser thermal control and operational cost savings in next 
generation transceiver PICs. Thermal cross talk was shown to be greatly reduced at flow 
rates > 12 ml/min, and all heaters were maintained within a tight thermal range, ~3.5°C, 
which could facilitate the introduction of higher device densities within future transceiver 
PIC technology. Implementation of a microchannel heat exchanger would greatly reduce 
the power requirements of the resistive heaters used to achieve uniform laser 





The experimentation that underpinned the findings of this thesis featured limitations in 
terms of electrical conditions and thermal-hydraulic measurements. In future work that is 
completed on work similar to this research, the following recommendations are suggested 
to improve experimental accuracy: 
• Resistance of connecting traces: Throughout testing, resistive heating in the 
connecting traces increased the temperature across the entire microfluidic test chip 
which, in turn, raised the fluid temperature prior to entering the microchannel heat 
exchanger. A redesigned test chip with larger connecting traces (and, therefore, 
lower electrical resistances) would diminish these heating effects. 
• Pressure drop across connecting microchannels: The pressure drop associated 
with the connecting microchannels dominated pressure drop measurements 
(~66% of the total pressure drop) across the test chip. A reduction in the pressure 
drop due to the connecting microchannels – achieved by increased microchannel 
cross-section, reducing the microchannel length, or designing a less arduous flow 
path – would allow for improved accuracy in the pressure-flow characterisation 
of the microchannel heat exchanger. 
• Temperature and pressure measurements at microchannel heat exchanger 
entrance and exit: Due to the microfluidic test chip design, measuring the fluid 
temperature and pressure drop values was only possible external to the chip 
holder. This resulted in estimations of fluid temperature at the entrance and exit 
of the microchannel heat exchanger and, also, in the pressure drop across the 
microchannel heat exchanger geometry. A microfluidic test chip which facilitated 
thermal and pressure measurements in close proximity to the microchannel heat 
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exchanger would improve the accuracy of the thermal and hydraulic 
measurements. 
• IR thermography: Throughout this thesis, the quality of thermographs added 
uncertainty to thermal results because the size of the characterised artefacts and 
the wavelength of the IR camera were of similar scale, despite extensive steps 
taken to improve thermograph quality. Other thermal measurement techniques – 
thermoreflectance, pump-probe techniques or direct electrical thermal 
measurements, for example – could enhance the accuracy of the thermal data. 
Further to the recommendations for improving experimental accuracy, it is also 
recommended, to further build on the findings of this thesis, that the following work be 
completed to realise an optimal thermal management solution for a next generation 
transceiver PIC: 
• Microchannel heat exchanger geometries: The characterisation of other 
microchannel heat exchanger geometries would allow for the selection of an 
optimum configuration to maximise thermal performance while also reducing 
pumping costs. Candidate geometries could be circular or triangular pillar arrays 
within a rectangular microchannel heat exchanger, or an array of microchannels 
or serpentine channels. The pillar structures and serpentine channels could 
generate eddy structures within the flow to enhance heat transfer. Arrays of 
microchannels would increase the effective surface area to enhance heat transfer. 
• Integration with a transceiver PIC and micropump: Integration of the 
microchannel heat exchanger, a laser array, resistive heaters and the TIPS 
designed micropump would allow for a demonstration of the potential savings 
within next generation transceiver PICs. 
158 
 
• Analysis of conductive heat spreading conditions: A numerical simulation 
analysis of the conductive heat spreading effects within the silicon substrate could 
provide further information as to the thermal boundary conditions experienced at 
the solid-fluid interface. The three-dimensional heating associated within the 
heater structures, flow phenomena in the corners of the microchannel, and the 
hydrodynamic effects along the length of the microchannel heat exchanger could 
be addressed. Losses by convection and radiation from the microfluidic test chip 
and the test chip holder could also be quantified. This would help to improve 
accuracy in theoretical calculations of the Nusselt number. 
• Transmissivity of the silicon substrate: Analysis of the transmissivity of the 
silicon substrate would allow for decreased uncertainty in IR measurements, 
particularly in the areas between the heater structures and, consequently, 
decreased uncertainty in the Nusselt number data. 
The stated recommendations look to improve on the accuracy of results reported in this 
thesis, while also building on the findings of this research. Thermal-hydraulic 
characterisation of the rectangular microchannel heat exchanger has demonstrated that 
other areas of research could be completed to establish the true thermal savings and 
reduction in operational costs associated with microfluidic thermal control within an 
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Appendix A. Calibration 
Certificates 
  





Figure A-2: Calibration certificate of the FLUKE Thermistor probe 
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Figure A-3: Calibration certificate for FLUKE Multimeter 
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Appendix B. MATLAB Code 
A MATLAB script was designed and used for the calibration of images, the analysis of 
flow parameters, thermograph measurements and the outputting of results. The script was 
created to analyse data for the active III/V laser characterisation and the thermal-hydraulic 
testing of the microfluidic test chips. The development of a MATLAB script appropriate 
for all testing in this work ensured that data analysis was consistent across all experiments. 
The MATLAB script determined appropriate emissivity-calibration polynomials for each 
pixel in an image, applied these to test images and determined the average surface 
temperature of the III/V lasers and heater structures. The script also calculated 
dimensionless number and outputted results. 
 













% Get list of all subfolders. 
allSubFoldersCal = genpath(cd); 
  
% Put folder names into a cell array. 
listOfFolderNamesCal = {}; 
while true 
    [singleSubFolderCal, allSubFoldersCal] = 
strtok(allSubFoldersCal, ';'); 
    if isempty(singleSubFolderCal) 
        break; 
    end 





numberOfFoldersCal = length(listOfFolderNamesCal); 
  
T = []; 
Tstd = []; 
  
for cyclefolderCal=2:numberOfFoldersCal 
     
    positionCal=cyclefolderCal-1; 
     
    thisFolderCal = listOfFolderNamesCal{cyclefolderCal}; 
    cd(thisFolderCal) 
     
    %Read in files 
    ListofFilesCal=dir('*.lvm'); 
    ListofFilesCal={ListofFilesCal.name}; 
    ixCal=regexp(ListofFilesCal,'Temp-Pressure-Flow'); 
    ixCal=~cellfun('isempty',ixCal); 
    ListofFilesCal=ListofFilesCal(ixCal); 
     
    FileCal=char(ListofFilesCal); 
    FullFileCal=load(FileCal); 
    T(1,positionCal)=mean(mean(FullFileCal(:,4:5))); 






%Cycle through folders and average Calibration images 
start_path = cd; 
  
% Get list of all subfolders. 
allSubFolders = genpath(start_path); 
  
% Put folder names into a cell array. 
listOfFolderNames = {}; 
while true 
    [singleSubFolder, allSubFolders] = 
strtok(allSubFolders, ';'); 
    if isempty(singleSubFolder) 
        break; 
    end 
    listOfFolderNames = [listOfFolderNames 
singleSubFolder]; 
end 
numberOfFolders = length(listOfFolderNames); 
  
for k=2:numberOfFolders 
    clear IPlot JPlot measure diff Im DCal_Red Dmeasure2 
TempImage diff_avg SumImage TempImage2 Image_New2 Image_New 
v 
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    % Go to subfolder 
    thisFolder = listOfFolderNames{k}; 
    cd(thisFolder) 
     
    %Get list of files with .bmp 
    filePattern = sprintf('%s/*.bmp', thisFolder); 
    baseFileNames = dir(filePattern); 
    l = length(baseFileNames); 
     
    %Read in image calibration files and create matrix of 
series of images 
    for c=1:l 
        fname = baseFileNames(c).name; 
        [~,name,fext] = fileparts(fname); 
        TempImage(:,:,c)=imread(fname); 
        TempImage=double(TempImage); 
    end 
     
    %Add all images together 
    for t=1:l 
         
        if t==1 
            SumImage=TempImage(:,:,1); 
        else 
            SumImage=SumImage+TempImage(:,:,l); 
        end 
    end 
     
    %Get average image 
    K=k-1; 
    AvImage(:,:,K)=SumImage/l; 




% CALIBRATION2 - Dejitter collapsed temperature images to 
eachother & Make Polynomial 
clearvars -except AvImage T l TempImage Image_NewSmall DCal 
listOfFolderNames numberOfFolders UU VV 
  
%Create polynomial equations for each pixel from series of 
images v known 





    for N=1:Y 
         
        for cc=1:Z 
            Measured(1,cc)=Image(M,N,cc); 
            Actual=T; 
        end 
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        [p]=polyfit(Measured,Actual,2); 
        yfit=polyval(p,Measured); 
        yresid=Actual-yfit; 
        SSresid=sum(yresid.^2); 
        SStotal=(length(Actual)-1)*var(Actual); 
        rsq(M,N)=1-SSresid/SStotal; 
        for poly=1:3 
            P(M,N,poly)=p(poly); 
        end 
    end 
end 
  




    for d=1:Z 
        Cal=Image(:,:,d); 
        [x,y]=size(Cal); 
        for m=1:x 
            for n=1:y 
                
CalImage(m,n,d)=(P(m,n,1)*(Cal(m,n)^2))+(P(m,n,2)*Cal(m,n))
+P(m,n,3); 
            end 
        end 
         
        MeasuredTemp(1,d)=mean(mean(CalImage(:,:,d))); 
  
        MaxTemp(1,d)=max(max(CalImage(:,:,d))); 
        MinTemp(1,d)=min(min(CalImage(:,:,d))); 
        KK=kk-1; 
         
        if KK==d; 
            thisFolder = listOfFolderNames{kk}; 
            cd(thisFolder) 
            dlmwrite(['PostPoly' num2str(d) '.txt'], 
CalImage(:,:,d)); 
        end 
    end 
end 
  














%Cycle through folders and average Calibration images 
start_pathTest = cd; 
  
% Get list of all subfolders. 
allSubFoldersTest = genpath(start_pathTest); 
  
% Put folder names into a cell array. 
listOfFolderNamesTest = {}; 
while true 
    [singleSubFolderTest, allSubFoldersTest] = 
strtok(allSubFoldersTest, ';'); 
    if isempty(singleSubFolderTest) 
        break; 
    end 
    listOfFolderNamesTest = [listOfFolderNamesTest 
singleSubFolderTest]; 
end 
numberOfFoldersTest = length(listOfFolderNamesTest); 
  
for kTest=2:numberOfFoldersTest 
     
    %Clear info 
    clearvars -except P CalImage Image_NewAv AvImageSmall 
ImageCollapsed TempImage Image_New l ZAv AvImage Measured 
Actual DCal kTest listOfFolderNamesTest numberOfFoldersTest 
UU VV start_pathTest TempChange rsq 
     
    % Go to subfolder 
    thisFolderTest = listOfFolderNamesTest{kTest}; 
    cd(thisFolderTest) 
     
    %Get list of files with .bmp 
    FileListImg = dir('*.bmp'); 
    len = length(FileListImg); 
     
    %Read in test image files and create matrix 
    for e=1:len 
        fname = FileListImg(e).name; 
        [~,name,fext] = fileparts(fname); 
        ImageTestSmall(:,:,e)=imread(fname); 
    end 
     
    Image_Adjusted=double(ImageTestSmall); 
     
    %Create folder to save calibrated images to 
    if ~exist('CalibratedFiles', 'dir') 
        mkdir CalibratedFiles; 
    end 
     
    cd('CalibratedFiles'); 
     
    %Multiply images by polynomials 
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    for E=1:len 
        Test=Image_Adjusted(:,:,E); 
        [r,s]=size(Test); 
        for A=1:r 
            for B=1:s 
                
MeasuredImage(A,B,E)=(P(A,B,1)*(Test(A,B)^2))+(P(A,B,2)*Tes
t(A,B))+P(A,B,3); 
            end 
        end 
         
        %Write calibrated files to folder 
        dlmwrite(['Calibrated' num2str(E) '.txt'], 
MeasuredImage(:,:,E)); 
         
        %Average all calibrated images 
        if E==1 
            MeasuredImageTotal=MeasuredImage(:,:,1); 
        else 
            
MeasuredImageTotal=MeasuredImageTotal+MeasuredImage(:,:,E); 
        end 
    end 
    MeasuredImageAverage=MeasuredImageTotal/len; 
     
        %Interpolate images 
    grid_size = 0.1; 
    [f,g]=size(MeasuredImageAverage); 
    Y=1:f; X=1:g; 
    [Xq,Yq] = meshgrid(1:grid_size:g, 1:grid_size:f); 
    
InterpolatedFile=interp2(X,Y,MeasuredImageAverage,Xq,Yq,'cu
bic'); 
     
    %Write file to folder 
    dlmwrite(['AverageCalibrated.txt'], 
MeasuredImageAverage); 
    dlmwrite(['AverageCalibratedInterp.txt'], 
InterpolatedFile); 
































%Specific Heat Capacity 
CpWater=4180; 
  
% Get list of all subfolders. 
allSubFolders = genpath(cd); 
  
% Put folder names into a cell array. 
listOfFolderNames = {}; 
while true 
    [singleSubFolder, allSubFolders] = 
strtok(allSubFolders, ';'); 
    if isempty(singleSubFolder) 
        break; 
    end 
    listOfFolderNames = [listOfFolderNames 
singleSubFolder]; 
end 
numberOfFolders = length(listOfFolderNames); 
  
for cyclefolder=2:numberOfFolders 
    clear thisFolder ListofFiles ix File FullFile 
     
    position=cyclefolder-1; 
     
    thisFolder = listOfFolderNames{cyclefolder}; 
    cd(thisFolder) 
     
    %Read in files 
    ListofFiles=dir('*.lvm'); 
    ListofFiles={ListofFiles.name}; 
    ix=regexp(ListofFiles,'Temp-Pressure-Flow'); 
    ix=~cellfun('isempty',ix); 
    ListofFiles=ListofFiles(ix); 
     
     
    File=char(ListofFiles); 
    FullFile=load(File); 
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    InletTemp(1,position)=mean(mean(FullFile(:,4))); 
    OutletTemp(1,position)=mean(mean(FullFile(:,5))); 
    Lauda(1,position)=mean(mean(FullFile(:,3))); 
    Base(1,position)=mean(mean(FullFile(:,2))); 
    BreadBoard(1,position)=mean(mean(FullFile(:,6))); 
    Surroundings(1,position)=mean(mean(FullFile(:,7))); 
    Pressure(1,position)=mean(mean(FullFile(:,8))); 
    FlowRate(1,position)=mean(mean(FullFile(:,9))); 
    
AverageFluidTemp(1,position)=(InletTemp(1,position)+OutletT
emp(1,position))/2; 
     
    FlowRate2(position)=FlowRate(position)/60; 
    MassFlowRate(position)=FlowRate2(position)/(10^3); 
     











































% Get list of all subfolders. 
allSubFolders1 = genpath(cd); 
  
% Put folder names into a cell array. 
listOfFolderNames1 = {}; 
while true 
    [singleSubFolder1, allSubFolders1] = 
strtok(allSubFolders1, ';'); 
    if isempty(singleSubFolder1) 
        break; 
    end 
    listOfFolderNames1 = [listOfFolderNames1 
singleSubFolder1]; 
end 







    Count=1; 
    Place=1; 
    for AngleRotate= AngleValue%-1:0.1:1 
         
        clear AverageFile Good 
         
        Folder = listOfFolderNames1{Foldercycle}; 
        cd(Folder) 
         
        %Load in data needed from AverageCalibration Files 
        FileInterp=load('AverageCalibratedInterp.txt'); 
         
        if Foldercycle==3 && Count==1 
            figure(1); surf(FileInterp); view(2); axis 
tight; shading flat; colorbar; title('0^o') 
            D2=imrotate(FileInterp,-1,'bilinear'); 
            D3=imrotate(FileInterp,1,'bilinear'); 
             
            [x1,y1]=ginput(1); 
            x1=round(x1); 
            y1=round(y1); 
             
            x2=x1+270; 
            x3=x2; 
            x4=x1; 
             
            y2=y1; 
            y3=y1+1100; 
            y4=y3; 
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            z=max(max(FileInterp)); 
             
            hold on 
             
            plot3([x1 x2 x3 x4 x1],[y1 y2 y3 y4 y1],[z z z 
z z]) 
             
            figure(2); surf(D2); view(2); axis tight; 
shading flat; colorbar; hold on; plot3([x1 x2 x3 x4 x1],[y1 
y2 y3 y4 y1],[z z z z z]); title('-1^o') 
            figure(3); surf(D3); view(2); axis tight; 
shading flat; colorbar; hold on; plot3([x1 x2 x3 x4 x1],[y1 
y2 y3 y4 y1],[z z z z z]); title('1^o') 
        end 
  
        
FileInterpRotate=imrotate(FileInterp,AngleRotate,'bilinear'
); 
         
        yy=1; 
        for Y=y1:y3-883 
            xx=1; 
            for X=x1:x2-36 
                
Average(yy,xx)=mean(mean(FileInterpRotate(Y:Y+883,X:X+36)))
; 
                 
                if Count==1 
                    
MaxAverage(FolderNumber)=Average(yy,xx); 
                    MaxRotate(FolderNumber)=AngleRotate; 
                    MaxX(FolderNumber)=X; 
                    MaxY(FolderNumber)=Y; 
                end 
                 
                if Average(yy,xx)>MaxAverage(FolderNumber) 
                    
AverageOrder(Place,FolderNumber)=Average(yy,xx); 
                    XOrder(Place)=X; 
                    YOrder(Place)=Y; 
                    AngleOrder(Place)=AngleRotate; 
                    
MaxAverage(FolderNumber)=Average(yy,xx); 
                    MaxRotate(FolderNumber)=AngleRotate; 
                    MaxX(FolderNumber)=X; 
                    MaxY(FolderNumber)=Y; 
                    Place=Place+1; 
                end 
                Count=Count+1; 
                xx=xx+1; 
            end 
            yy=yy+1; 
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        end 
  
 
    end 
    TempLessInlet(FolderNumber)=MaxAverage(FolderNumber)-
InletTemp(FolderNumber); 






%Create folder to save calibrated images to 
if ~exist('PositionFiles', 'dir') 
















































































































Appendix C. LabVIEW VI 
The LabVIEW VI used in this thesis controlled and recorded the power dissipation across 
the heater structures during microchannel heat exchanger characterisation, along with 
monitoring and recording thermal readings across all testing. Thermal measurements of 
the ambient, chip holder inlet and outlet and the chip holder base were recorded during 
testing. The LabVIEW VI was a stacked sequence, with screenshots of the three stacked 
frames shown below. 
 
 
Figure C-1: First of the stacked sequence of the designed LabVIEW VI where the initial voltage 




Figure C-2:Second frame of the stacked sequence of the designed LabVIEW VI where the voltage to 







Figure C-3: Third from of the stacked sequence of the designed LabVIEW VI where all heaters 
were set to be unpowered when the LabVIEW VI was stopped. 
